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ABSTRACT 
Ortho-phosphates and poly-phosphates are rarely present at significant levels in raw water source 
but are purposefully added to the water in various forms to inhibit corrosion, iron oxidation (red 
water), or calcium carbonate precipitation (scale formation). Ortho-phosphates serve as building 
blocks for poly-phosphates, which includes structures in linear chain, branched chains 
(metaphosphate) and “glassy” poly-phosphate polymers.  The advantage of poly-phosphates over 
ortho-phosphates lies in the fact that they slowly revert to ortho-phosphates and thus provide 
corrosion inhibition action over longer period of time in distribution systems. 
 
A study was completed for Tampa Bay Water on water distribution systems in a changing water 
quality environment. Blended orthophosphates was used as one of the corrosion inhibitors to 
study its effects on metal release and thus justify its application in comparison to other corrosion 
inhibitors like ortho-phosphates, zinc ortho-phosphates and silicates. This work focuses on the 
study of reversion of poly-phosphates to ortho-phosphates. A first-order model was developed 
that quantifies reversion as a function of the hydraulic residence time and initial poly-phosphate 
concentration. The same model was used in two different forms – one for the hybrid lines and the 
other for single material lines. The results from single material lines (estimated by a non linear 
least square regression using ANOVA) showed that the reversion rate was highest for galvanized 
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pipe followed by unlined cast iron, lined cast iron and the lowest rate in PVC. The first-order 
reversion rate constant in PVC was almost two log orders less than galvanized line. A high first-
order rate constant for the galvanized pipe could be attributed to a rougher surface, large surface 
area, reaction with the wall surface, pipe material or a combination of these effects. The results 
from the hybrid PDSs (estimated by an algebraic manipulation of the first-order reaction) 
substantially agree with the results obtained from the single material lines, with the exception of 
the PVC material.  The data from the hybrid lines confirms that the reversion rate constant is 
greatest for exposure to galvanized pipe materials, but the hybrid data indicate that the rate 
constant associated with PVC is somewhat larger than the constants determined for either LCI or 
UCI. 
 
Once an overall first-order rate expression was established, efforts were made to find a relation 
between poly-phosphate reversions with bulk water quality. None of the major water quality 
parameters were found to significantly affect the reversion. This observation may be attributable 
to a similar water quality over the study duration. A positive correlation was found between first-
order reversion rate constant and temperature. An empirical equation (modified Arrhenius 
equation) that relates the first-order reversion rate constant with temperature was developed that 
showed a strong sensitivity to temperature.  
 
The results from this study could be used to predict the stability of poly-phosphates in 
distribution systems with varying pipe materials and temperature. 
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1 INTRODUCTION 
Control of distribution system pipe corrosion has long been a challenge for the water treatment 
industry. Corrosion of system pipes has economic, hydraulic and aesthetic impacts including 
water leaks, corrosion product buildup and water quality deterioration. Phosphates are water 
treatment chemicals used to solve specific water quality problems resulting from inorganic 
contaminants (iron, manganese, calcium, etc.) in ground water supplies and also to maintain 
water quality (inhibit corrosion, scale, biofilm, reduce lead and copper levels) in the distribution 
system. They are being widely used by utilities to help meet regulatory rules and public pressures 
to produce quality drinking water. Phosphates have a long history of successful application in 
drinking water treatment providing both primary and secondary benefits. Primary treatment 
benefits include corrosion control, lead/copper control, and control of calcium carbonate scale 
(Carus Factsheet 2004). Many secondary benefits develop such as removal of system scale 
deposits, lower color and turbidity, lower staining, lower TOC, increased hydraulic flow rates 
and reduced electrical demand (Carus Factsheet 2004). All phosphate technologies have a record 
of success, but each also has a record of failure when inappropriately applied and with varying 
water quality.  
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Ortho-phosphate and poly-phosphate are two general types used in water treatment along with 
many different phosphate compounds that exist for use in the water treatment process. Ortho and 
poly-phosphates work together, stabilizing water quality and minimizing color, scale, deposits, 
and corrosion in drinking water systems (Carus Factsheet 2004). The advantage of using a poly-
phosphate is its slow reversion to ortho-phosphate and thus corrosion inhibition for longer 
distribution distances to the consumer from the treatment plant.  
 
Estimates by Edwards and McNeill (2002) suggest that 15-20% of public and private water 
systems use some form of phosphate in the treatment of their drinking water. Groundwater 
supplies use poly-phosphate to sequester iron, manganese, calcium, and magnesium, while 
surface plants use ortho-phosphates, ZOP, or blends of phosphates to inhibit corrosion in the 
distribution system. All systems can use phosphates to meet the EPA regulations on Lead and 
Copper. Rarely is a single treatment process or chemical additive a cure-all. Any chemical used 
in water treatment may have particular advantages or disadvantages. Water quality and treatment 
methods vary greatly. However, application of phosphates has been considered one of the most 
cost effective means of controlling a multitude of problems. 
1.1 Research Objectives and Scope 
The primary goal of this study is to develop a rate model for the degradation of poly-phosphates 
to ortho-phosphates. As mentioned in the first section, poly-phosphate slowly reverts to ortho-
phosphate forming a protective coating on the pipe walls. The task would be to develop a rate 
equation in terms of a wall and a bulk water quality term. The data would be analyzed taking into 
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account different pipe materials (i.e. Polyvinyl chloride, lined cast iron, unlined cast iron and 
galvanized iron). The advantage of quantifying such a reversion is that it will be easy to 
determine the ortho-phosphate concentration with varying hydraulic retention time along the 
distribution system. The rate equation would also help in determining time until the poly-
phosphate would be exhausted. The effect of reversion rate with temperature will also be studied 
and will be quantified with an equation in order to predict reversion rate at varying temperatures.  
1.2 Research Approach 
The document comprises of six chapters. The first chapter gives an introduction to the role of 
phosphates in inhibiting corrosion and the scope of this particular research work. Chapter 2 
reviews the present technologies and research work carried out in this particular area. The 
literature cited ranges from study of different rate orders like zero order, first-order, second 
order, and first-order with wall reaction. Chapter 3 discusses the materials and methodology 
including field facilities at the Tampa Bay Water site. The next two chapters comprise of results 
and discussions. Chapter 4 includes a study on the relationship between poly-phosphate 
reversion rate and pipe material. The data analysis includes various models and is supported with 
graphs and tables. Chapter 5 is a study on the effect of bulk water quality on the overall first-
order reversion rate constant. The last chapter provides recommendations and conclusions based 
on the data analysis and thus highlight major points for water utilities using blended ortho-
phosphate inhibitors. 
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2 LITERATURE REVIEW 
2.1 Background 
Elemental phosphorous was discovered in 1669, but commercial production of ortho-phosphates 
did not begin until about 1850 when phosphoric acid was used for fertilizer (Carus Factsheet 
2004). The Carus Factsheet (2004) also states that poly-phosphate was first described in 1883 but 
not until 1929 was it used as a sequestering agent to form soluble complexes with metallic ion in 
water. In the 1940’s hexametaphosphate gained the popularity of a “wonder chemical” and had 
multifunctional properties like control of iron corrosion, iron precipitation and calcite 
precipitation (Carus Factsheet 2004). In the 1960’s ortho-phosphate was combined with zinc salt 
to form zinc ortho-phosphate (ZOP) corrosion inhibitor. According to the Carus Factsheet (2004) 
ZOP was patented and extensively used to control corrosion in water systems and the Lead and 
Copper rule in 1990 set by EPA recognized it as the best available technology (BAT) for 
minimizing the leaching of lead from water systems and brass fixtures into drinking water. At 
present there are various ortho and poly-phosphate inhibitors available in the market, the 
common ones include hexametaphosphate (poly-phosphate), zinc ortho-phosphate, bimetallic 
sodium and zinc metaphosphate recognized as multi functional chemicals to sequester metals and 
inhibit corrosion.  
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2.2 Utility Survey on Use of Poly-phosphates 
The use of poly-phosphates by utilities in U.S was about 38% in 1994 and this figure almost 
doubled to 56% by 2001 (Edwards and McNeill 2002). This statistical figure may be misleading 
as there was hardly any increase in the middle and large utilities using phosphates. 59% of the 
surface water utilities added inhibitors compared to 32% of groundwater utilities and 44% of 
utilities using both surface and groundwater sources (Edwards and McNeill 2002). Some of the 
other survey carried out between 1994 and 2001 were split in different categories like types of 
inhibitors used by utilities, reason of usage and motivations behind using a particular inhibitor. 
 
Between 1994 and 2001 the use of zinc ortho-phosphate and poly-phosphates remained constant. 
There was a sharp increase in the use of ortho-phosphates and a corresponding decrease in 
poly/ortho-phosphate blend (Edwards et al 2002; Edwards and McNeill 2002; Zinder et al 1984; 
Green 1950). About 60% of the utilities reported the dosages “as product” due to the propriety 
nature of inhibitor chemicals.  According to 1994 survey many of the small utilities used 
phosphate inhibitors based on just one or two known information sources while larger utilities 
cited a few more sources (Edwards and McNeill 2002). The following graphs in Figure 2-1, 
Figure 2-2 and Figure 2-3 (Edwards and McNeill 2002) give a visual representation of the 
various categories surveyed with respect to the use of phosphates by utilities.  
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Figure 2-3: Reasons for using phosphate inhibitors 
 
Some work has also been done by Pinellas County Water System (PCWS) in collaboration with 
University of Central Florida (Yousef et al 1994) on the evaluation of corrosion inhibitors. SK-
7541 was the selected inhibitor following an extensive investigation at Pinellas County. SK-7541 
is supplied by Stiles-Kem in a soluble form as a blend of sodium ortho-phosphates and poly-
phosphates. Each gallon of SK-7541 contains 3.763 pounds of total phosphorous as PO4. The 
total phosphorous is estimated to be 39% ortho-phosphate and 61% poly-phosphate (Yousef et al 
1994). 
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2.3 Inhibition of Metal Release 
The inhibition capabilities of ortho-phosphate and poly-phosphates on corrosion by-product 
release have been studied under various conditions of water qualities and hydraulic flows.  
Release of copper and lead are of interest due to the Lead and Copper Rule, in addition to iron 
release from pipe distribution systems. 
2.3.1 Inhibition of Iron 
Red water, or rusty water, is generally attributed to ferric hydroxide.  Ferric hydroxide forms 
from the reaction of insoluble (ferric) iron with water after the oxidation of soluble (ferrous) iron 
to the insoluble ferric in water.  It has been shown in the past that poly-phosphate is able to 
reduce red water when dosed at about 2-4 ppm per 1 ppm of iron (Larson 1957). Effectiveness of 
poly-phosphate in corrosion control of municipal water is greatly affected by flow velocity.  
Slow velocities (around 0.5 fps) have shown increased corrosion rate (Larson 1957).  However, 
turbulent flow velocities (2-5 fps) are not continually maintained in all parts of a typical 
distribution system. 
 
Lytle and Snoeyink (2002) used a bench-scale experiment to evaluate and compare effect of 
ortho-phosphate and poly-phosphate on properties of iron particles and suspension.  Turbidity 
and apparent color, as measures of iron, were examined at various pH values and iron 
concentrations.  Ortho-phosphate reduced turbidity by an average of 1 NTU over a wide pH 
range, and apparent color values decreased with increasing ortho-phosphate concentrations 
between 1 and 3 mg/L. Lytle and Snoeyink (2002) suggest that a poly-phosphate-Fe complex is 
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formed, which limits formation of Fe nuclei and particle size. Poly-phosphate reduced particle 
size more dramatically than ortho-phosphate.  
 
McNeill and Edwards (2000) attempted to correlate total iron release to the amount of phosphate 
consumed, but no relationship was found.  In general, phosphate consumption increased with 
pipe age and longer stagnation times.  For pipes that received poly-phosphate, a sharp increase in 
iron release was observed when dosing was stopped. This may be explained by iron scale release 
into the water.  Inspection of the pipe showed less scale buildup than on pipes still receiving 
poly-phosphate. 
 
Blended phosphate has a synergistic effect; where the poly-phosphate controls calcium carbonate 
scale, ortho-phosphate protects against copper and lead corrosion (Boffardi 1995).  Boffardi 
(1995) found that poly-phosphate can prevent the formation of calcium carbonate scales in pipes, 
with as little concentration as 0.23 mg/L as P. In addition, poly-phosphate concentration at 
approximately 1 to 2 mg/L as P achieved iron and manganese stabilization, and prevented red or 
black water.  Overdosing poly-phosphates can cause old loose deposits, especially iron oxide 
deposits, to dislodge from pipe surface and disperse, increasing red water problems (Boffardi 
1995). 
2.3.2 Inhibition of Copper and Lead 
Much research has been done on factors that contribute to corrosion as well as possible 
treatments to reduce the lead leaching corrosivity in water systems. Studies by Korshin, 
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Ferguson and Lancaster (2000) have found that the amount of lead leached from brass fixtures 
depends on pH, sulfates, alkalinity chloride and ortho-phosphate. To combat the corrosivity 
problem water distribution systems began adding chemicals such as phosphoric acid, zinc ortho-
phosphates, poly-phosphates and silicates or a mixture of these chemicals. It soon became 
apparent that successfully reducing residential tap water lead levels through treatment 
optimization was a “hit or miss” proposition (Ramley 1993). Based on a study (Maas et al 1994) 
conducted by a research group at the University of North Carolina and Environmental Quality 
Institute (EQI), it was found that the residential tap water lead levels were only slightly more 
likely to decrease following corrosion control than to remain constant or even increase.  Of 
particular concern was the statistical finding that the use of zinc ortho-phosphate (the most 
common and popular inhibitor employed at that time) was almost equally likely to be associated 
with either an increase or a decrease in average residential lead levels (Maas et al 1994). 
 
McNeill and Edwards (2004) examined lead and copper in stagnant pipes. They found that for 
copper pipes, ortho-phosphate reduced soluble copper concentrations but had little effect on 
particulate copper, while dosing with poly-phosphate resulted in high levels of particulate 
copper, probably due to formation of copper-phosphate solid.  For lead pipes, a significant 
fraction of corrosion by-product release was particulate.  Both ortho-phosphate and poly-
phosphates reduced lead particulate species, although poly-phosphate increased soluble lead 
concentrations.  
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Edwards et. al. (2001) compared the benefits of ortho-phosphate versus poly-phosphate in 
controlling copper corrosion by-product release in aged copper pipes, at variable pH and 
alkalinity values.  Poly-phosphate seems to perform less favorably than ortho-phosphate at 
comparable concentrations of 1 mg/L as P. It is believed that ortho-phosphate reduced copper 
solubility by forming a cupric phosphate scale.  While in the absence of any phosphate 
inhibitors, an insoluble malachite scale formed over a period of years.  Poly-phosphate, however, 
increased copper release in comparison to ortho-phosphate because it complexed copper, 
increasing soluble copper release. 
 
Poly-phosphates are used as sequestering agents because of their ability to complex with most 
metals. Calcium complexation reduces calcium carbonate scale deposition.  Poly-phosphates use 
has reduced staining in consumers’ water by complexing Fe2+ and Mn2+ (Holm and Schock 
1991).  Holm and Schock (1991) studied the effects of poly-phosphate products on lead 
solubility in plumbing systems.  They tested three different BOP products in household 
plumbing.  Test conditions were pH of 8.0, 40 mg/L Ca, and approximately 1 mg/L total P.  
Results showed elevated soluble lead concentrations compared to no inhibitors use at a wide 
range of alkalinity values. The authors believe that Pb complexation by poly-phosphates would 
reduce free Pb in water, which promotes the dissolution of hydrocerussite [Pb3 (OH) 2(CO3)2], 
the most common Pb mineral in plumbing systems.   
 
However, Boffardi (1991) expressed disagreement to the Holm and Schock (1991) findings and 
experimental procedure.  Boffardi claims that test conditions were not representative of most 
 11
potable water systems.  He stated that pH and ionic strength used by Holm and Schock were 
higher than normal (pH = 8 and I = 0.1M) and that resulted in unfavorable performance by poly-
phosphate.  Holm and Schock disputed Boffardi’s criticism and showed that change in ionic 
strength from 0.001M to 0.1M increased lead solubility by less than 2%, which is very small 
(Boffardi 1991). They also showed that even though complexation by poly-phosphate at pH = 7 
was less than at pH = 8, it was still significant.  Further determination of pH effects needed more 
information about the proprietary poly-phosphate product, which were not available from the 
manufacturer. 
2.4 Corrosion 
Corrosion may be defined as the deterioration of a metal that results from a reaction with its 
environment.  Although iron corrosion causes a wide variety of problems, the primary concern in 
drinking water distribution system is tuberculation and “red water” problems. Iron release from 
corroded iron pipes is the principal cause of “colored water” problems in distribution systems 
(Clement et al 2004). 
 
For corrosion to occur the basic requirements are 
1. The metal needs to be in contact with an electrolyte (electrolytes are solutions which 
conduct electrical current and support ionized particles.) Usually the electrolyte is water 
but other liquids as well as gases in some instances may serve as electrolytes as well. 
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2. The presence of dissolved substances in the electrolyte is necessary. These substances 
can be dissolved gases such as oxygen, chlorine or bromine gases or dissolved ions such 
as H+ (hydrogen ion) all of which serve as strong corrosive agents.  
3. The presence of a corrosion cell whereby two portions of the metal surfaces become 
electrically connected via an electrolyte, salt bridge etc. A portion of the metal surface 
then becomes anodic (corrodes) giving up metal ions and another portion becomes 
cathodic, gaining metal ions. Oxidation takes place at the anode and reduction takes place 
at the cathode i.e. the anode dissolves while the cathode remains intact. 
 
Corrosion can cause higher costs for a water system due to problems with (TechBrief Factsheet 
1997). 
1. Decreased pumping capacity due to reduction in the pipe diameter from corrosion 
deposits. 
2. Decreased water production, caused by the corrosion holes in water system which reduce 
water pressure and increase the amount of finished water required to pump one gallon 
across a particular point of consumption. 
3. Water damage to the system caused by corrosion related leaks. 
4. Frequent replacement of parts like water heater, pumps, valves, radiators due to corrosion 
damage. 
5. Customer complaints of water odor taste and color. 
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The following events and measurements can be an indicator of potential corrosion problems in 
water systems (Tech Brief Factsheet 1997). 
1. Consumer complaints: complaints regarding taste, color or odor of water are the basic 
indicators and the utility must check for the construction materials of thee distribution 
system and in the plumbing of the complaint areas.  
2. Corrosion indices:  Langelier Saturation Index (LSI) is the most commonly used index 
and is the difference between the water pH and the saturation pH. Saturation pH refers to 
the waters saturation to calcium carbonate. A negative LSI value indicates a potential 
corrosion problem. 
3. Sampling and Chemical Analysis: Sampling of water at regular intervals and at various 
points in the distribution system can be done. Low pH water is susceptible to corrosion 
problems. Similarly high temperature and suspended solids in water are indicators of 
corrosion. 
4. Pipe examination: checking for protective coating and scale formation on the pipe inner 
wall surface is also a good indicator of potential corrosion problems. 
 
Corrosion in a system can be reduced by changing the water’s characteristics such as adjusting 
pH and alkalinity, softening with lime, changing the level of dissolved oxygen and adding 
corrosion inhibitors (Tech Brief Factsheet 1997).  
1. pH adjustment: operators can promote a protective coating on the pipe inner wall by 
adjusting the pH, alkalinity and calcium levels. Calcium carbonate coating occurs when 
the water is oversaturated with calcium carbonate. 
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2. Lime softening: This process affects the lead solubility by changing the pH and carbonate 
levels. Hydroxide ions are then present, and they decrease metal solubility by promoting 
the formation of solid basic carbonates that “passivate,” or protect, the surface of the 
pipe. 
3. Dissolved oxygen levels: The presence of excess dissolved oxygen increases water’s 
corrosive activity. The optimal level of dissolved oxygen for corrosion control is 0.5-2.0 
ppm (Tech Brief Factsheet 1997). However removing oxygen from water is not practical 
because of the expense. A reasonable strategy to reduce oxygen levels is to increase lime 
softening, extend the detention period for treated waters in reservoirs and use correct size 
water pumps to minimize introduction of air during pumping.   
The reduction of DO in water has been tried for corrosion control, but H2S and CO2 may 
increase, producing undesirable black or brown water - FeS or CuS precipitation (Yousef 
et al 1994). 
4. Corrosion inhibitors: Corrosion inhibitors cause protective coatings to form on pipes. 
Although they reduce corrosion, they may not totally arrest it. There are several 
commercially available corrosion inhibitors used for potable water supplies like inorganic 
phosphates, sodium silicates and mixture of phosphates and silicates. 
2.5 Ortho-phosphates 
Ortho-phosphates are one of a number of oxo anions of the element phosphorus. All phosphorus 
oxo anions contain P-OH groups where the hydrogen atom is ionizable. Ortho-phosphates can 
act as anodic corrosion inhibitors in the presence of oxygen (e.g. surface and aerated waters). For 
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example, dissolved oxygen attacking a metal such as iron, forms alpha Fe2O3. The ferrite film 
gradually spreads, corrosive attack occurring at the breaks in the oxide film. These gaps are then 
plugged by the formation of insoluble iron phosphates resulting from the reaction of sodium 
ortho-phosphate with the anodic corrosion product (Innophos Factsheet 1996) i.e. 
1. Fe → Fe2+ + 2e- 
2. Fe2+ + H2PO4 +2H2O → FePO4.2H2O + 2H+  
This type of corrosion control is called passivation. Passivation results initially from chemical 
precipitation which provides a barrier between the metal and the corroding liquid. In the case of 
ortho-phosphates a thin film which is very insoluble and resistant to dissolution is put down. It is 
a form of conversion coating. Such coatings result when films capable of preventing the 
migration of ions from the solid state to the solution state are formed. These thin films retard the 
flow of electrons through the galvanic cell which is driving the reaction, reducing its effects and 
controlling corrosion (Innophos Factsheet 1996). 
2.6 Poly-phosphates 
Condensed phosphates or poly-phosphates, as the names suggest, contain more than one 
phosphorus atom in the molecule or ion, connected to each other through an oxygen bridge. 
Poly-phosphates in water industry refers to condensed inorganic phosphate ranging from a 
simple diphosphate to a long-chain linear poly-phosphate.  Only linear poly-phosphates are used 
in water industry.  Poly-phosphates are formed by dehydration of ortho-phosphate (Boffardi 
1993).  Phosphoric acid reacts with a base, such as sodium hydroxide or sodium bicarbonate, to 
form slurry.  Heat is then applied to dehydrate the slurry and form the –P-O-P- linkage, which is 
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the backbone of poly-phosphates.  The number of P-O-P links determines the type of poly-
phosphate.  If the polymeric-n group equals zero, then ortho-phosphate exists.  When n is 1, 
pyrophosphate is present, and so on. Commercial poly-phosphates used in water industry 
typically have n values of 12 to 14. 
2.6.1 Mechanism of Corrosion Inhibition 
Poly-phosphates have been used to sequester metals in solution and prevent precipitation i.e. 
keeping iron in solution to prevent stains, and holding calcium in solution to prevent excessive 
CaCO3 buildup (Cantor 2000).  This characteristic of poly-phosphate can lead to elevated 
concentrations of pipe metals in solution.  When a blended ortho-phosphate (BOP) is used (poly 
and ortho), or when some of the poly-phosphate reverts to ortho-phosphate, there is a decrease in 
metal sequestering in solution and a decrease in metal leaching from pipe wall (Cantor 2000).  
This suggests that ortho-phosphate is dominant in controlling corrosion on pipe surface, and the 
effectiveness of blended-phosphate depends on degree of reversion. 
 
The pH is best maintained at the level of 6.5 to 7.0 since as the pH drops, the rate of reversion of 
poly-phosphate to ortho-phosphate increases. The potential for reversion increases as pH rises 
above 7.5 and below 6 (Innophos Factsheet 1996). The stronger electrodeposited film is replaced 
by a weaker adsorbed film. In these applications, the poly-phosphate is acting both as a reservoir 
of potential ortho-phosphate and as a cathodic corrosion inhibitor. More soluble and less likely to 
be precipitated in its polymeric form, poly-phosphates can be retained longer in the system than 
ortho-phosphates. Much of the poly-phosphate will eventually revert to the ortho-phosphate 
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condition, at which time it may react with elements such as calcium, lead and iron, to be 
precipitated and to form protective conversion coatings (Innophos Factsheet 1996). 
 
 According to Boffardi (1993), polyphosphates require a minimum concentration of calcium ions 
to form protective film on steel.  Calcium-to-poly-phosphate ratio is more critical than poly-
phosphate concentration, at least 1-to-5 weight ratio of calcium to phosphate.  Poly-phosphates 
can prevent crystal growth of calcium carbonate scale in water pipes.  It is worth noting that 
poly-phosphate cannot prevent, nor remove, deposits of magnesium hydroxide (Larson 1957). 
2.7 Advantages of Ortho/Poly-phosphate Blends  
The properties of the ortho-phosphates and the poly-phosphates are enhanced when blends of the 
two are used. Because ortho-phosphates are very reactive in solution and form insoluble salts 
with calcium, iron and lead, it may be difficult in some circumstances to keep a sufficient 
concentration of ortho-phosphate in the treated water to maintain its effectiveness (Innophos 
Factsheet 1996). To compensate for this, the Innophos Factsheet (1996) states the dose of ortho-
phosphate must be increased, which can lead to additional expense and to areas of excessive 
deposition in the system, while other areas are still under treated. Poly-phosphates on the other 
hand are unlikely to be precipitated unless they undergo reversion. 
 
Ortho-phosphates are anodic corrosion inhibitors and poly-phosphates are cathodic inhibitors. 
Poly-phosphates in solution slowly revert to ortho-phosphate. Thus, by formulating blends of 
these two phosphate forms, both, anodic and cathodic corrosion inhibition can be achieved. The 
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ortho-phosphate ion availability over a longer period of time can control calcium, iron and lead 
deposition, all at the same time. In this way, blended phosphate products can offer better 
protection than either ortho or poly-phosphate can alone.  
 
Ortho/poly-phosphate blends find application in boiler water, cooling water, potable water and 
industrial water treatment for corrosion control, lead and copper control, scale control and 
sequestering. They are generally effective in the pH range of 6.0 to 8.5 (Innophos Factsheet 
1996).  
2.8 Kinetic Models 
Ortho-phosphates and poly-phosphates are rarely present at significant levels in raw source water 
and are purposely added in water in various forms to inhibit corrosion. Ortho-phosphates serve 
as building blocks for poly-phosphates which include structures in linear chain, branched chain 
and “glassy” poly-phosphate polymers (Edwards and Holm 2003). All poly-phosphates in the 
water distribution system are unstable and slowly hydrolyze or revert to ortho-phosphates 
(Goldberg and Nuttal 1998). Sodium poly-phosphate is an inorganic polymer consisting of PO4 
tetrahedral linked through oxygen atoms on the corners (Corbridge 1980). In water, poly-
phosphates are linear chains with an average length of 85 phosphate units. Hydrolysis of a poly-
phosphate solution is catalyzed by the acidity of the medium. Decreasing the pH causes an 
increase in the rate of hydrolysis (de Jager and Heyns 1998).  
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2.8.1 Zero Order Model 
Based on a paper on kinetics of acid catalyzed hydrolysis of poly-phosphates in water, (de Jager 
and Heyns 1998) a zero-order reaction of the hydrolysis of sodium poly-phosphate in water at 
pH = 0 was assumed. In water, poly-phosphates are linear chains with an average length of 85 
phosphate units. Polymers are not stable in acidic solutions, and they hydrolyze to phosphoric 
acid. Hydrolysis of a poly-phosphate solution is catalyzed by the acidity of the medium. 
Decreasing the pH causes an increase in the rate of hydrolysis. Since hydrolysis of a sodium 
poly-phosphate solution at pH = 0 primarily takes place at terminal phosphate units, terminal and 
nonterminal units in this polymer were considered separately (de Jager and Heyns 1998). It must 
be noted that the superscript “t” over concentration represents the terminal phosphate units. The 
polymer is activated only when the terminal phosphate units are protonated and that 
is the intermediate. The reaction has been shown below. ( t23nn4n OPH ++ )
 
( ) ( ) 4323n1n1nt23nn4n2t13nn2n POHOPHHOPHOHOPH +→⇔+ −−++++++  
 
A zero order rate equation was developed as follows. 
If a terminal phosphate unit is hydrolyzed, a new terminal unit is formed, keeping the 
concentrations of these units also constant. The rate of hydrolysis could be written as given in 
equation (2-1). 
[ ] ( )[ ]t23nn4nh13nn2n OPHkδt OPHδ ++++ =  
(2-1) 
 
where kh  = hydrolysis rate constant (M/L3-T) 
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Applying steady-state conditions for the intermediate, it is possible to relate the concentration of 
the intermediate to equation (2-1). Water in the reaction can be considered as a constant because 
it is the medium of the hydrolysis. Equation (2-1) can then be written as given in equation (2-2). 
( )[ ] [ ] ( )[ ] ( )[ ] ( )[ ] 0OPHkOPHkOPHHk
δt
OPHδ t
23nn4nh
t
23nn4na
't
13nn2na
t
23nn4n =−−×= +++++++++  
(2-2)
where ka = Reaction constant for formation of intermediate (M/L3-T) 
a
'k  = backward reaction constant (M/L3-T) 
 
Solving equation (2-2) gives equation (2-3). 
( )[ ]t23nn4n OPH ++ = [ ] ( )[ ]t13nn2n
a
'
h
a OPHH
kk
k
++
+ ×+  
(2-3) 
 
A polymer is activated for hydrolysis after protonation. Besides terminal phosphate units, 
nonterminal phosphate units could also be protonated. The total concentration of protons used, 
defined as Ho+, is the concentration of H+ and the concentration of protonated phosphate units, 
distinguishing between terminal (t) and non-terminal (nt) units. Equation (2-4) is given below. 
[ ] [ ]+= ++ HH o ( )[ ]t23nn4n OPH ++ + ( )[ ]nt23nn4n OPH ++  (2-4)
 
Equation (2-4) can be rewritten as equation (2-5). 
( )[ ]t23nn4n OPH ++ = [ ]++ oa'h a Hkk k - ( )[ ]t23nn4n OPH ++ - ( )[ ]nt23nn4n OPH ++ × ( )[ ]t13nn2n OPH ++  (2-5)
 
The above equation (2-5) rearranges to equation (2-6). 
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( )[ ]t23nn4n OPH ++ = [ ] ( )[ ]( )( )[ ]( )[ ]t13nn2naa'h
t
13nn2n
nt
23nn4noa
OPHkkk
OPHOPHHk
++
++++
+
++
−
 
(2-6) 
 
Combining equations (2-2) and (2-6) results in a new formulation for the hydrolysis of a poly-
phosphate and is given by equation (2-7). 
( )[ ]
δt
OPHδ t23nn4n ++ =kh ( )[ ]t23nn4n OPH ++ = [ ] ( )[ ]( )( )[ ]( )[ ]t13nn2nm
t
13nn2n
nt
23nn4noh
OPHk
OPHOPHHk
++
++++
+
+
−
 
(2-7) 
 
where  km  = 
a
'
ah
k
kk +  
Equation (2-4)can be written in the following form as given by equation (2-8). 
[ ] - [(HoH + n+4PnO3n+2)nt] = [H+] + [(Hn+4PnO3n+2)t] (2-8)
 
The left-hand side of equation (2-8) is present in equation (2-7). On the right-hand side, H+ is 
constant at a constant pH. Under steady-state conditions the concentration of the intermediate 
remains constant. Since the concentration of terminal phosphate units is also constant, the whole 
left-hand side must be constant. Substituting this side in equation (2-7) results in an extra 
constant, which will be defined as kp and is given as equation (2-9). 
( )[ ]
δt
OPHδ t23nn4n ++ =kh kp
( )[ ]
( )[ ]tnnn nn OPH OP 132m 132nk H ++ +++  
(2-9) 
 
 
When [(Hn+2PnO3n+1) t] >> km, equation (2-9 reduces to t
 1]O2P[H 3nnn
∂
++∂
= kh·kp, which is 
initially zero-order. 
Thus the reaction could be written as equation (2-10). 
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0kdt
d(PP) −=  (2-10)
where ko = zero order rate constant (M/L3-T) 
On solving the above rate expression we get equation (2-11). 
0
o k
t
PPPP −=−  (2-11)
where PPo = Initial Poly-phosphate concentration (M/L3) 
PP  = Poly-phosphate concentration at time t (M/L3) 
t  = time (T) 
2.8.2 First-order Reversible Reaction 
Based on the available literature, polyphosphate reverts to ortho-phosphate and an assumption 
that it decreases to zero at an infinite time may not be valid. This assumption can be modeled by 
considering the reversion to be a first-order reversible reaction. Thus a complete conversion 
cannot be assumed. The simplest case being an opposed unimolecular-type reaction as given 
below. 
OPPP ⇔   
where OP = ortho-phosphate 
 PP = poly-phosphate 
Starting with a concentration ratio M = OPo/ PPo the rate equation is given by equation (2-12). 
PPo dt
dXPP = k1PP – OP 1k′ (2-12) 
 
where k1  = first-order forward reaction rate constant (T-1) 
1k′   = first-order backward reaction rate constant (T-1) 
 XPP  = fractional conversion of poly-phosphate 
 
Equation (2-12) can also be written as equation (2-13). 
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PPo dt
dXPP = k1 (PPo - PPo XPP) –  (PP1k′ oM + PPoXPP) (2-13)
At equilibrium 
dt
d(PP) = 0. 
Hence the fractional conversion of poly-phosphate at equilibrium conditions would be given by 
equation (2-14). 
KC = 
e
e
PP
OP
= 
PPe
PPe
X1
XM
−
+
 (2-14)
where KC = equilibrium constant 
 OPe = ortho-phosphate concentration at equilibrium (M/L3) 
 PPe = poly-phosphate concentration at equilibrium (M/L3) 
 XPPe = fractional conversion of poly-phosphate at equilibrium 
M = ratio of initial ortho-phosphate to poly-phosphate 
 
And the equilibrium constant can be written as given in equation (2-15). 
KC = 
1
1
k
k
′  (2-15)
 
We obtain an equilibrium conversion term given by equation (2-16). 
( ) ( )PPPPe
PPe
1PP XX
XM
1Mk
dt
dX −+
+=  (2-16)
With conversions measured in terms of XPPe it may be looked upon as a pseudo first-order 
irreversible reaction which on integration gives equation (2-17). 
-ln tk
XM
1M
PPPP
PPPP
ln
X
X1 1
PPeeO
e
PPe
PP
+
+=−
−−=⎟⎟⎠
⎞
⎜⎜⎝
⎛ −  (2-17)
We can express the above equation in terms of the fractional conversion of poly-phosphate as 
equation (2-18). 
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⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×+
++= tk
XM
1Mexp1XX 1
PPe
PPePP  
(2-18)
 
2.8.3 First-Order Equation with Wall Reaction 
A first-order with wall reaction was considered, keeping in mind, that poly-phosphate reversion 
rate may be a function of the pipe material. The model, if significant, could help in explaining 
the reversion of poly-phosphates in terms of bulk and wall reaction kinetics. The first-order 
model with wall reaction has been applied by Mutoti (2003) to study the dissipation of chlorine 
in a distribution system. The study incorporated the impact of water chemistry, temperature, pipe 
material and hydraulic conditions on total chlorine decay (Ozdemir and Ucak 2002). Chlorine 
loss due to reactions at the wall took into account the rate constant, mass transfer limitations and 
the available surface area to volume geometry (Frateur et al 1999; Vikesland et al 2001; 
Vikesland and Valentine 2002; Hallam et al 2002). 
 
The most common approach for studying decay kinetics applies Lagrangian Time Driven 
Method (TDM) to solve for both bulk reactions and reactions at the pipe wall. Walski et al 
(2001) and Rossman (2000) reported the reaction rate model for the bulk flow first-order kinetics 
as given in equation (2-19). 
r = -kbC (2-19)
where kb  = first-order bulk rate constant (1/T) 
 C = reactant concentration (M/L3) 
Walski et al (2001) expressed the wall reaction rate as given in equation (2-20). 
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r = ( )fw
fw
kk
Ckk
d
4
+  
(2-20)
where  d = pipe diameter (L) 
kw = wall reaction rate constant (L/T) 
kf  = mass transfer coefficient (L/T) 
 
An overall decay constant that includes both bulk and wall reaction is given by equation (2-21). 
k1= kb + ( )fw
fw
kk
kk
d
4
+  
(2-21)
where k1 = overall first-order reaction rate constant (1/T) 
The wall reaction rate constant can be expressed by a single overall wall reaction rate constant kx 
given by equation (2-22). It is based on an assumption that the mass transfer coefficient is much 
higher in comparison to wall reaction rate constant. 
kx = ( )fw
fw
kk
kk
+ ≈ kw                   (if kf >>kw) 
(2-22)
where kx = overall wall reaction rate constant (1/T) 
A simple form of equation (2-21) that can be used for the poly-phosphate decay can be written as 
equation (2-23). 
k1 = kb + 
d
4 kx
(2-23)
 
Equation (2-24) and its integrated form, equation (2-25), can be used to give the overall rate 
equation describing poly-phosphate reversion with time within a single length of pipe. The “d 
”term helps study reaction rates for varying pipe diameters.  
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∫∫ −=⇒⎥⎦⎤⎢⎣⎡ +=−
t
0
Ct
Co
1xb dtkPP
d(PP)PPk
d
4k
dt
d(PP)  
(2-24)
 
⎥⎦
⎤⎢⎣
⎡ ×+= t)k
d
4   (k-expPPPP xbo  
(2-25)
2.8.4 First-Order Reaction 
The degradation of long chain poly-phosphates proceeds through three reactions and are first-
order with respect to poly-phosphates (Edwards and Holm 2003). Hence the overall production 
of ortho-phosphates was assumed to be first-order. The reaction rate can be written as given in 
equation (2-26). 
k(PP)
dt
d(OP) =  (2-26)
where OP = Ortho-phosphate  concentration (M/L3) 
PP = Poly-phosphate concentration (M/L3) 
The above equation can also be written in terms of quantities that are either known or measured 
and is given by equation (2-27). 
PP)(TPk
dt
dOP
1 −=  (2-27)
where  TP  = total phosphate concentration (M/L3) 
Integration of the above equation results in a form which can be readily used for determining the 
rate constant and is given by equation (2-28). 
OP = OPo + (TP – OPo) ×(1-exp(-k1t)) (2-28)
where  OPo  = Initial ortho-phosphate concentration (M/L3) 
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The experimental results by Edwards and Holm (2003) found that the apparent rate constants for 
metaphosphate reversion in systems with no added Calcium were 0.0030 (day-1) at pH 7, 0.0016 
(day-1) and 0.0039 (day-1) at pH 8 and 0.00037 (day-1) at pH 9. With the exception of the pH 9 
value, pH had little effect on the rate constant. The results were consistent with that found by 
Griffith and Buxton (1967), who found that for hexa, hepta and octaphosphate the reversion rates 
at pH 7 were greater than the rates at pH 11 by factors of only 1.3-1.6.  
 
In the beaker experiments (using glass containers) the time required for 10% reversion to (PO4)3- 
ranged from approximately 21 to 270 days (Edwards and Holm 2003). For higher Ca 
concentrations, the reversion rate was roughly proportional to the logarithm of Ca concentration. 
For 120 mg/L Ca approximately 60% of metaphosphate was converted to (PO4)3- in 21 days 
(Edwards and Holm 2003). The reversion rate was more sensitive to Ca than to pH. The rate 
equation developed by Edwards and Holm (2003) with respect to Ca concentration (mol/L) is 
given as equation (2-29). 
k1 = 0.042 + 0.0071×log10(Ca) (2-29)
where Ca = Calcium concentration (mol/L) 
 
2.9 Summary 
The main goals of this work are to develop a poly-phosphate reversion model with respect to 
different pipe materials used in the distribution system and a poly-phosphate reversion model 
with respect to water quality. The two rate equations can then be combined as a single overall 
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rate equation. The longevity of poly-phosphate form across a distribution system and thus the 
ability to inhibit corrosion over longer pipe lengths and hydraulic retention times requires an 
understanding of the kinetics, as a function of varying hydraulic retention time, pipe material, 
water quality and initial poly-phosphate concentration.  
 
The poly-phosphate reversion model could help utilities using blended ortho-phosphates as 
corrosion inhibitors in determining an accurate phosphate dosage for their respective 
distributions systems and an easy tool to estimate percentage poly-phosphate reversion for 
varying hydraulic retention time. 
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3 MATERIAL AND METHODS 
3.1 Experimental Design 
The Tampa Bay Water Project 1 (TBW 1) was designed to mimic water quality changes 
resulting from single sources and blends of seven significantly different source waters in old 
distribution pipe. The PDSs were composed of 18 different distribution lines.  Lines 1 through 14 
were hybrid lines, while lines 15-18 composed of single material lines. The set up of the hybrid 
lines was designed to be consistent configuration involving similar lengths of PVC, LCI, UCI 
and G pipes respectively. The single material lines allowed for experiments to test the effects of 
singular pipe material on water quality. The PDS was constructed of aged pipes that were 
obtained from existing utility distribution systems to represent the pipe materials used in the 
TBW Member Government’s distribution systems. The pipes were removed from the Member 
Government’s distribution networks, wetted, capped and transported to the pilot site at CCW 
(Cypress Creek Wellfield). Once onsite, the pipes were assembled and allowed to equilibrate 
with TBW groundwater over a period of 4 months. 
 
Pilot distribution systems 01 to 14 were composed of four materials, laid out sequentially as: 
• Approximately 20 feet of 6-inch diameter polyvinylchloride (PVC) pipe, 
• Approximately 20 feet of 6-inch diameter lined cast iron (LCI) pipe, 
 30
• Approximately 12 feet of 6-inch diameter unlined cast iron (UCI) pipe,  
• Approximately 40 feet of 2-inch diameter galvanized iron (G) pipe. 
 
PDS 15 to 18 were composed of a single material each as follows: 
• PDS15: Eight, 12 foot sections of approximately of 6-inch diameter UCI. 
• PDS16: Four, 20 foot sections and one 10 foot section of 6-inch diameter LCI. 
• PDS17: Five, 20 foot sections of 6-inch diameter PVC. 
• PDS18: Six sections totaling 135 feet of 2-inch diameter G. 
 
Sampling ports at the end of each pipe material helped study the variation in water quality 
associated with each pipe material. Standpipes, located at the beginning and end of each PDS 
were made from translucent plastic pipe. Each standpipe was about 48 inches long and 4 inch in 
diameter.  The retention time in the PDS feed standpipe was 3.1 hour for a two day hydraulic 
retention time (HRT) due to the low velocities associated with a two day-HRT. The cumulative 
volumes for each port in the hybrid line have been tabulated below in Table 3-1 that can be used 
for HRT calculations. The port number and its location have been tabulated in Table 3-4. 
 
The PDS layout has been shown below in Figure 3-1. 
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 Figure 3-1 PDS distribution layout 
 
Table 3-1 Cumulative volumes for intermediate ports in hybrid lines 
Sample port # Pipe length (ft) 
Pipe diameter 
(ft) 
Cumulative volume 
(L) 
4 20 0.50 111 
5 20 0.50 223 
6 12 0.50 289 
1 40 0.17 315 
 
TBW 2 was divided into 4 phases: each of three months duration. Phase 1 and Phase 3 had the 
same blends in order to study the seasonal effects-winter and summer respectively. The three 
source waters that were used for blending were finished ground water, surface water and 
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desalinated water (from RO). Table 3-2 in the next page gives a summary of source water and 
the treatment before blending. 
 
Table 3-2 Source waters and treatment 
Water type Treatment 
Surface water 
(SW) 
Treatment by ferric sulfate coagulation, flocculation, settling, filtration, 
disinfection by ozonation, biologically activated carbon filtration, 
disinfection residual from combined chlorine. 
Ground water 
(GW) 
Treatment by aeration, free chlorine, addition of ammonia to form 
monochloramines as disinfectant 
Desalinated water 
(RO) 
Treatment by reverse osmosis membranes, aeration, disinfection by free 
chlorine, ammonia addition to form combined chlorine, dissolved ocean 
salt to simulate desalination process. 
 
3.2 Sampling and Analysis 
PDS lines 1, 2 and 3 were fed with the blended ortho-phosphate inhibitor at low, medium and 
high dose respectively. The target low dose was 0.5 mg/L as total P, 1.0 mg/l as total P for 
medium dose line and 2.0 mg/L as total P for high dose. The dose was regulated into the PDS 
with the help of pumps from a stock tank. There was a constant dose of 1.0 mg/L as total P for 
single material lines. The pumps were acid cleaned bi-weekly to remove any phosphate 
deposition that could alter the flow rate. 
 
Table 3-3 in the next page shows the various blends used in TBW 2. 
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Table 3-3 Water blend ratios in TBW 2 
Phase % GW in 
Blend 
% SW in 
Blend 
% RO in 
Blend 
I (Feb – May 2006) 62 27 11 
II (May - Aug 2006) 27 62 11 
III (Aug – Nov 2006) 62 27 11 
IV (Nov 2006 – Feb 2007) 40 40 20 
 
Sampling from intermediate ports in PDS 1, 2 and 3 was started in April 2006 through the end of 
the project. The port locations have been outlined in Table 3-4. 
 
Table 3-4 Intermediate port locations 
Port number Location Pipe length (ft) 
0 Influent - 
4 PVC 20 
5 UCI 20 
6 LCI 12 
7 G 40 
1 Effluent - 
 
Samples were collected in DO bottles from port 4, 5 and 6 each representing the effluent from 
PVC, LCI and UCI respectively. The influent and effluent samples were collected in regular 1 L 
bottles. Effluent from the hybrid PDS would also represent the water quality for galvanized pipe. 
Ortho-phosphate concentration was measured on site using a Hach Spectrophotometer based on 
the Ascorbic acid method-4500 - P outlined in Standard Methods (1998). 
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The intermediate samples were analyzed every week for ortho-phosphate concentration along 
with the influent and effluent samples for PDS 1, 2 and 3. The samples analyzed for ortho-
phosphate on site were brought back to UCF, to measure total phosphate concentration on the 
Ion Coupled Plasma (ICP). All the samples were acidified with 2% HNO3 (at UCF lab) in order 
to dissolve any particulate interference and more importantly the blank sample for total 
phosphate estimation was a 2% HNO3 solution. 
 
Sampling from the PDS followed a weekly schedule. The water quality estimated every week 
has been populated in Table 3-5 shown in the next page. 
 
During Phase 4 of the project, samples were collected from single material lines to study the 
effect of reversion rate independently in each pipe material. The feed to single material lines 
varied in Reynolds number thereby influencing the HRT. The cumulative volumes for single 
material lines at varying intermediate ports have been summarized in Table 3-6. 
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Table 3-5 PDS water quality parameters 
Parameter Method of analysis Units 
Ammonia Ammonia probe mg NH3 –N /L  
pH pH probe  
Alkalinity Titration mg/L as CaCO3
Calcium Titration / ICP mg/L 
Magnesium Titration / ICP mg/L 
UV- 254 Spectrophotometer cm-1
HPC Plate count cfu/mL 
Dissolved Oxygen Probe mg/L 
Temperature Probe oC 
NPDOC TOC analyzer mg/L 
Nitrites Spectrophotometer mg/L 
Silica Spectrophotometer /ICP mg/L 
Total chlorine Spectrophotometer mg/L 
Free chlorine Spectrophotometer mg/L 
Turbidity Spectrophotometer NTU 
Apparent color Spectrophotometer CPU 
Conductivity Probe μS/cm 
Ortho-phosphate Spectrophotometer mg/L 
Total phosphate ICP mg/L 
Sodium Spectrophotometer mg/L 
Chloride Titration / ICP mg/L 
Sulfate Spectrophotometer / ICP mg/L 
Copper ICP mg/L 
Zinc ICP mg/L 
Total lead ICP mg/L 
Total iron Spectrophotometer / ICP mg/L 
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Table 3-6 Cumulative volumes for intermediate ports in single material lines 
Cumulative Volume (L) Pipe 
material Port  
#4 
Port # 
5 
Port # 
6 
Port #   
7 
Port # 
8 
Port # 
9 
Port 
#A 
Port 
#B 
UCI 70 140 210 280 340 400 460 - 
LCI 110 220 330 440 - - - - 
PVC 110 220 330 440 - - - - 
G 8 17 25 38 53 57 69 81 
 
The concentration of BOP was set at 1 mg/L as total P without any flow regulations from a stock 
tank. There were weekly variations in the process feed water going into lines 15 through 18.  
 
BOP stock samples were analyzed weekly for ortho and total phosphate concentrations in order 
to monitor any variation in the percentage ratio of ortho to poly-phosphate. This data could help 
in correcting the stock tank phosphate concentration and thus maintain a constant phosphate dose 
to the distribution system.
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4 EFFECT OF PIPE MATERIAL ON POLY-PHOSPHATE REVERSION  
4.1 Keywords 
Blended ortho-phosphates, water distribution, reversion, poly-phosphates, first-order reaction, 
pipe material. 
4.2 Introduction 
Phosphates are being widely used by utilities to help meet regulatory rules and public pressures 
to produce quality drinking water. Ortho and poly-phosphates work together, stabilizing water 
quality and minimizing color, scale, deposits, and corrosion. The advantage of using a poly-
phosphate is the longevity of the poly-phosphate form over longer hydraulic retention times in 
the distribution systems. 
 
In a one year study on the pilot distribution system, poly-phosphate reversion was studied on 
different pipe materials. Based on the available literature various models (zero order, first-order, 
reversible first-order, second order and first-order with wall reaction) were tested to explain 
poly-phosphate reversion. The first-order reaction model used by Edwards and Holm (2003) for 
their pipe rig experiments was the best model that could explain the poly-phosphate reversion. 
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The first-order model was used in two different forms–one for the hybrid lines and the other for 
single material lines. The first-order reversion rate constant for single material lines was 
estimated by a non linear least square regression method. The rate constants for hybrid lines were 
estimated by direct calculation i.e. manipulation of the rate expression in terms of reversion rate 
constant k1.  
4.2.1 Objectives 
The primary goal is to develop a rate model for the degradation of poly-phosphates to ortho-
phosphates as a function of pipe material. The poly-phosphate slowly reverts to ortho-phosphate 
forming a protective coating on the pipe walls. The longevity of poly-phosphate form across a 
distribution system and thus its ability to inhibit corrosion over longer pipe lengths and hydraulic 
retention times requires an understanding of the kinetics. The kinetics would be defined as a 
function of varying hydraulic retention time, pipe material and initial poly-phosphate 
concentration. Expression of an overall first-order reversion rate constant as a sum of bulk rate 
constant and a wall reaction rate constant shall be attempted. 
4.3 Literature Review 
4.3.1 Ortho-phosphates 
Ortho-phosphates are one of a number of oxo anions of the element phosphorus. All phosphorus 
oxo anions contain P-OH groups where the hydrogen atom is ionizable. Ortho-phosphates can 
act as anodic corrosion inhibitors in the presence of oxygen (e.g. surface and aerated waters). For 
example, dissolved oxygen attacking a metal such as iron, forms alpha Fe2O3. The ferrite film 
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gradually spreads, corrosive attack, occurring at the breaks in the oxide film. These gaps are then 
plugged by the formation of insoluble iron phosphates resulting from the reaction of sodium 
ortho-phosphate with the anodic corrosion product (Innophos Factsheet 1996) i.e. 
 
1. Fe → Fe2+ + 2e- 
2. Fe2+ + H2PO4 +2H2O → FePO4.2H2O + 2H+
This type of corrosion control is called passivation. Passivation results initially from chemical 
precipitation which provides a barrier between the metal and the corroding liquid. In the case of 
ortho-phosphates a thin film which is very insoluble and resistant to dissolution is put down and 
is a form of conversion coating. 
4.3.2 Poly-phosphates 
Condensed phosphates or poly-phosphates, as the names suggest, contain more than one 
phosphorus atom in the molecule or ion, connected to each other through an oxygen bridge. 
Poly-phosphates in water industry refers to condensed inorganic phosphate ranging from a 
simple diphosphate to a long-chain linear poly-phosphate. Only linear poly-phosphates are used 
in water industry. Poly-phosphates are formed by dehydration of ortho-phosphate (Boffardi 
1993).  
 
According to Boffardi (1993), poly-phosphates require a minimum concentration of calcium ions 
to form protective film on steel. Calcium-to-poly-phosphate ratio is more critical than poly-
phosphate concentration, at least 1-to-5 weight ratio of calcium to phosphate. Poly-phosphates 
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can prevent crystal growth of calcium carbonate scale in water pipes.  It is worth noting that 
poly-phosphate cannot prevent, nor remove, deposits of magnesium hydroxide (Larson 1957). 
 
When a blended ortho-phosphate (BOP) is used (poly and ortho), or when some of the poly-
phosphate reverts to ortho-phosphate, there is a decrease in metal sequestering in solution and a 
decrease in metal leaching from pipe wall (Cantor 2000).  This suggests that ortho-phosphate is 
dominant in controlling corrosion on pipe surface, and the effectiveness of blended-phosphate 
depends on degree of reversion. 
 
Ortho/poly blends improve the range and reliability of phosphate based inhibitors and represents 
the most vigorous growth opportunities. By formulating blends of these two phosphate forms, 
both, anodic and cathodic corrosion inhibition can be achieved. The ortho-phosphate ion 
availability over a longer period of time can control calcium, iron and lead deposition, all at the 
same time. In this way, blended phosphate products can offer better protection than either ortho 
or poly-phosphate alone.  
4.3.3 Kinetic Models 
All poly-phosphates in the water distribution system are unstable and slowly hydrolyze or revert 
to ortho-phosphates (Goldberg and Nuttal 1998). Sodium poly-phosphate is an inorganic 
polymer consisting of PO4 tetrahedral linked through oxygen atoms on the corners (Corbridge 
1980). In water, poly-phosphates are linear chains with an average length of 85 phosphate units. 
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Hydrolysis of a poly-phosphate solution is catalyzed by the acidity of the medium. Decreasing 
the pH causes an increase in the rate of hydrolysis (de Jager and Heyns 1998). 
4.3.3.1 Zero Order Model 
Based on a paper on kinetics of acid catalyzed hydrolysis of poly-phosphates in water, (de Jager 
and Heyns 1998) a zero-order reaction of the hydrolysis of sodium poly-phosphate in water at 
pH = 0 was assumed. Hydrolysis of a poly-phosphate solution is catalyzed by the acidity of the 
medium. Decreasing the pH causes an increase in the rate of hydrolysis. Since hydrolysis of a 
sodium poly-phosphate solution at pH = 0 primarily takes place at terminal phosphate units, 
terminal and nonterminal units in this polymer were considered separately (de Jager and Heyns 
1998). The polymer is activated only when the terminal phosphate units are protonated and that 
is the intermediate. The reaction has been shown below. It must be noted that the 
superscript “t” over concentration represents the terminal phosphate unit.  
( t23nn4n OPH ++ )
 
( ) ( ) 4323n1n1nt23nn4n2t13nn2n POHOPHHOPHOHOPH +→⇔+ −−++++++  
 
If a terminal phosphate unit is hydrolyzed, a new terminal unit is formed, keeping the 
concentrations of these units also constant. The rate of hydrolysis could be written as given in 
equation (4-1). 
[ ] ( )[ ]t23nn4nh13nn2n OPHkδt OPHδ ++++ =  (4-1)
where kh = hydrolysis rate constant (M/L3-T) 
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The total concentration of protons used, defined as Ho+, is the concentration of H+ and the 
concentration of protonated phosphate units, distinguishing between terminal (t) and nonterminal 
(nt) units. Equation (4-2) is given below. 
[ ] [ ]+= ++ HH o ( )[ ]t23nn4n OPH ++ + ( )[ ]nt23nn4n OPH ++  (4-2)
 
On further solving equation (4-1) and equation (4-2) de Jager and Heyns (2003) showed the 
reversion to be a zero order reaction given as equation (4-3). 
0kdt
d(PP) −=  (4-3)
where k0 = zero order rate constant (M/L3-T) 
 
Equation (4-3) can be integrated to a rate expression given as equation (4-4). 
0
o k
t
PPPP −=−  (4-4)
where PPo = Initial Poly-phosphate concentration (M/L3) 
PP  = Poly-phosphate concentration at time t (M/L3) 
t  = time (T) 
 
4.3.3.2 First-Order Model with Wall Reaction 
A first-order with wall reaction was considered, keeping in mind, that poly-phosphate reversion 
rate may be a function of the pipe material. The model, if significant, could help in explaining 
the reversion of poly-phosphates in terms of bulk and wall reaction kinetics. The first-order 
model with wall reaction has been applied by Mutoti (2003) to study the dissipation of chlorine 
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in a distribution system. The study incorporated the impact of water chemistry, temperature, pipe 
material and hydraulic conditions on total chlorine decay (Ozdemir and Ucak 2002). Chlorine 
loss due to reactions at the wall took into account the rate constant, mass transfer limitations and 
the available surface area to volume geometry (Frateur et al 1999; Vikesland et al 2001; 
Vikesland and Valentine 2002; Hallam et al 2002). 
 
The most common approach for studying decay kinetics applies Lagrangian Time Driven 
Method (TDM) to solve for both bulk reactions and reactions at the pipe wall. Walski et al 
(2001) and Rossman (2000) reported the reaction rate model for the bulk flow first-order kinetics 
as given in equation (4-5). 
r = -kbC (4-5)
where kb  = first-order bulk rate constant (1/T) 
 C = reactant concentration (M/L3) 
 
Walski et al (2001) expressed the wall reaction rate as given in equation (4-6). 
r = ( )fw
fw
kk
Ckk
d
4
+  
(4-6)
where  d  = pipe diameter (L) 
kw  = wall reaction rate constant (L/T) 
kf  = mass transfer coefficient (L/T) 
 
An overall decay constant that includes both bulk and wall reaction is given by equation (4-7). 
k1 = kb + ( )fw
fw
kk
kk
d
4
+  
(4-7)
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The wall reaction rate constant can be expressed by a single overall wall reaction rate constant kx 
given by equation (4-8). It is based on an assumption that the mass transfer coefficient is much 
higher in comparison to wall reaction rate constant. 
kx = ( )fw
fw
kk
kk
+ = kw                   (if kf >>kw) 
(4-8)
where kx = overall wall reaction rate constant (L/T) 
A simple form of equation (4-7) that can be used for poly-phosphate decay is given by equation 
(4-9). 
k1 = kb + 
d
4 kx
(4-9)
where  k1  = overall first-order reaction rate constant (1/T) 
 kx  = overall wall reaction rate constant 
 
Equation (4-9) clearly defines the individual effects of bulk reaction and pipe material (wall 
reaction) on poly-phosphate reversion. 
4.3.3.3 Reversible First-Order Model  
Based on the available literature poly-phosphate reverts to ortho-phosphate and an assumption 
that it decreases to zero at an infinite time may not be valid. This assumption can be modeled by 
considering the reversion to be a first-order reversible reaction. Thus a complete conversion 
cannot be assumed. The simplest case being an opposed unimolecular-type reaction. 
OPPP ⇔   
Starting with a concentration ratio M = OPO/ PPO the rate equation is given by equation (4-10). 
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PPo dt
dXPP = k1PP – OP 1k′ (4-10)
where k1  = First-order forward reaction rate constant (T-1) 
1k′   = First-order backward reaction rate constant (T-1) 
 XPP  = Fractional conversion of poly-phosphate 
  
The poly-phosphate reversion can be expressed as a fraction and is given by equation (4-11). 
⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×+
++= tk
XM
1Mexp1XX 1
PPe
PPePP  
(4-11)
where XPP  = fractional conversion of poly-phosphate 
XPPe = fractional conversion of poly-phosphate at equilibrium 
 M = ratio of initial ortho-phosphate to initial poly-phosphate concentration 
4.3.3.4 First-Order Model 
The degradation of long chain poly-phosphates proceeds through three reactions and are first-
order with respect to poly-phosphates (Edwards and Holm 2003). Hence the overall production 
of ortho-phosphates was assumed to be first-order. The reaction rate can be written as given in 
equation (4-12). 
(PP)k
dt
d(OP)
1=  (4-12)
where OP = Ortho-phosphate  concentration (M/L3) 
 
Integration of the above equation results in a form which can be readily used for determining the 
rate constant and is given by equation (4-13). 
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OP = OPo + (TP – OPo) ×(1-exp(-k1t)) (4-13)
where  OPo = initial ortho-phosphate concentration (M/L3) 
 TP = total phosphate concentration (M/L3) 
 
Edwards and Holm (2003) found out that in the pipe rig experiments, metaphosphate reversion 
was much more rapid than in the beaker experiments, thus providing evidence of a dominant 
wall reaction. Between 20-95% of metaphosphate was converted to ortho-phosphate in three 
days. The reversion rate increased with pipe age. They recommended that utilities using poly-
phosphate inhibitors should check regularly for total and ortho-phosphate concentrations at 
various points in the distribution system and consumer’s taps. 
4.3.3.5 Second Order Model 
The rate of a second order reaction is given by equation (4-14)
2
2 )(PPkdt
d(PP) −=  (4-14)
where k2 =second order rate constant (L3/M-T) 
 
On integrating equation (4-14 we get a rate expression given by equation (4-15). 
2
o k
t
PP
1
PP
1
−=
−
 
(4-15)
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4.4 Methods and Materials 
The result of this research is part of a University of Central Florida –Tampa Bay Water-
AWWARF-tailored collaboration project. The PDSs were composed of 18 different distribution 
lines. Lines 1 through 14 were hybrid lines, while lines 15-18 composed of single material lines. 
The set up of the hybrid lines was designed to have a consistent configuration involving similar 
lengths of PVC, LCI, UCI and G pipes respectively.  
 
Pilot distribution systems 01 to 14 were composed of four materials, laid out sequentially as: 
• Approximately 20 feet of 6-inch diameter polyvinylchloride (PVC) pipe, 
• Approximately 20 feet of 6-inch diameter lined cast iron (LCI) pipe, 
• Approximately 12 feet of 6-inch diameter unlined cast iron (UCI) pipe,  
• Approximately 40 feet of 2-inch diameter galvanized iron (G) pipe. 
 
PDS 15 to 18 were composed of a single material each as follows: 
• PDS15: Eight, 12 foot sections of approximately 6-inch diameter UCI. 
• PDS16: Four, 20 foot sections and one 10 foot section of 6-inch diameter LCI. 
• PDS17: Five, 20 foot sections of 6-inch diameter PVC. 
• PDS18: Six sections totaling 135 feet of 2-inch diameter G. 
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Table 4-1 Cumulative volume and port location in hybrid lines 
Sample port # Pipe length (ft) 
Pipe diameter 
(ft) 
Cumulative 
volume (L) Location 
4 20 0.50 111 PVC 
5 20 0.50 223 LCI 
6 12 0.50 290 UCI 
1 40 0.17 315 Effluent 
  
Sampling ports at the end of each pipe material helped study the variation in water quality 
associated with each pipe material. The cumulative volumes and port location for each port in the 
hybrid line has been tabulated above in Table 4-1. 
 
TBW 2 was divided into 4 Phases: each of three months duration. Phase 1 and Phase 3 had the 
same blends in order to study the seasonal effects-winter and summer respectively. The three 
source waters that were used for blending were finished ground water, surface water and 
desalinated water (from RO). 
4.4.1 Sampling and Analysis 
The influent and effluent samples were collected in regular 1 L bottles. Effluent from the hybrid 
PDS would also represent the water quality for galvanized pipe. Samples were collected in DO 
bottles from port 4, 5 and 6 each representing the effluent from PVC, LCI and UCI respectively. 
Ortho-phosphate concentration was measured on site using a Hach Spectrophotometer based on 
the Ascorbic acid method-4500 - P outlined in Standard Methods (1998). The intermediate 
samples were analyzed every week for ortho-phosphate concentration along with the influent and 
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effluent samples for PDS 1, 2 and 3. The samples analyzed for ortho-phosphate on site were 
brought back to lab, to measure total phosphate concentration on the Ion Coupled Plasma (ICP). 
All the samples were acidified with 2% HNO3 (at UCF lab) in order to dissolve any particulate 
interference and more importantly the blank sample for total phosphate estimation was a 2% 
HNO3 solution. BOP stock samples were analyzed weekly for ortho and total phosphate 
concentrations in order to monitor any variation in the percentage ratio of ortho to poly-
phosphate. This data could help in correcting the stock tank phosphate concentration and thus 
maintain a constant phosphate dose to the distribution system. 
 
During Phase 4 of the project, samples were collected from single material lines to study the 
effect of reversion rate independently in each pipe material. The feed to single material lines 
varied in Reynolds number thereby influencing the HRT. The cumulative volume for single 
material lines at varying intermediate ports has been populated in Table 4-2. 
 
Table 4-2 Cumulative volumes for intermediate ports in single material lines 
Cumulative Volume (L) Pipe 
material Port  
#4 
Port # 
5 
Port # 
6 
Port #   
7 
Port # 
8 
Port # 
9 
Port 
#A 
Port 
#B 
UCI 70 140 210 280 340 400 460 - 
LCI 110 220 330 440 - - - - 
PVC 110 220 330 440 - - - - 
G 8 17 25 38 53 57 69 81 
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4.5 Results 
4.5.1 Significance of p value 
The analysis of variance test (ANOVA) was used to determine the significance of all model 
parameters. A p value indicates the level of confidence. If the variables associated with the 
parameters had a p value less than 0.05 (95% confidence level), then the variables were 
determined to be significant and thus retained in the model. This approach was followed for all 
model analysis and development– zero order, reversible first-order, second order, first-order with 
wall reaction and first-order. 
4.5.2 Zero Order Model 
The equation used for determining the zero order rate constant is given below in equation (4-16). 
0
o k
t
PPPP −=−  (4-16)
  
The total and ortho-phosphate data, which can be used to calculate poly-phosphate concentration, 
for PDS 1, 2 and 3, has been attached in APPENDIX A. The influent (port # 0) poly-phosphate 
concentration was the initial poly-phosphate (PPo) value and the sample port 4 poly-phosphate 
concentration was the effluent value (PP) for PVC line. Similar calculations and concept was 
used for estimating the zero order rate constants for all pipe materials. The average zero order 
rate constants have been tabulated below in Table 4-3. 
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Table 4-3 Average zero order rate constants 
PDS PVC  (mg/L-hr) 
LINED (mg/L-
hr) 
UNLINED 
(mg/L-hr) 
GALVANIZED 
(mg/L-hr) 
1 0.004 0.002 0.002 0.002 
2 0.011 0.0002 0.003 0.017 
3 0.008 0.005 0.009 0.033 
 
PVC has the highest zero order reversion rate in PDS 1, greater than lined iron for PDS 1, 2 and 
3 and greater than unlined cast iron for PDS 1 and 2. According to a zero order rate equation the 
poly-phosphate degradation should be independent of the poly-phosphate concentration which is 
not in acceptance with the available literature which states that the reversion is a function of 
initial poly-phosphate concentration. 
 
A graphical representation of polyphosphate concentration versus time has been shown below in 
Figure 4-1
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Figure 4-1 Polyphosphate concentration versus HRT for PDS 3 
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For an ideal zero order reaction, the polyphosphate concentration should decrease linearly with 
time. As can be seen from the graph, there is an increase in the concentration for some of the 
dates in PDS 3. Thus the inconsistent data does not satisfy a zero order model. 
4.5.3 Reversible First-Order Model 
The first-order reversible equation is given below as equation (4-17). 
⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×+
++= tk
XM
1Mexp1XX 1
PPe
PPePP  
(4-17)
 
The fractional conversion of poly-phosphate has been tabulated for all dates in APPENDIX E.  
Fractional conversion of poly-phosphates at equilibrium and the first-order reversible rate 
constant was estimated with the help of statistical software.  Table 4-4, Table 4-5 and Table 4-6 
below show some values for k1 and XPPe estimated by non linear regression. 
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Table 4-4 First-order reversible reaction parameter estimates and p values – PDS 1 
p value 
Date Model 
k1 XPPe
11/13/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t2599.0
0007.0M
1Mexp10007.0XPP  
0.9761 0.9956 
11/27/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t0750.0
0642.0M
1Mexp10642.0XPP  
0.5205 0.5683 
12/4/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×−+
++= t)0844.0(
1917.0M
1Mexp11917.0XPP
 
0.9674 0.8559 
12/11/2006 
⎥⎦
⎤⎢⎣
⎡
⎟⎟⎠
⎞
⎜⎜⎝
⎛ ×−+
++= t)1728.0(
XM
1Mexp11784.0X
PPe
PP  
0.6937 0.1352 
12/17/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t0536.0
0404.0M
1Mexp10404.0XPP  
0.3908 0.2845 
 
 54
Table 4-5  First-order reversible reaction parameter estimates and p values – PDS 2 
p value 
Date Model 
k1 XPPe
11/13/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t1696.0
0004.0M
1Mexp10004.0XPP  
0.9917 0.9418 
11/27/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t2129.0
0013.0M
1Mexp10013.0XPP  
0.5978 0.9499 
12/4/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×−+
++= t)1268.0(
3165.0M
1Mexp13165.0XPP
 
0.7860 0.2553 
12/11/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×−+
++= t)0635.0(
2178.0M
1Mexp12178.0XPP
 
0.9053 0.6149 
12/17/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t0050.0
1197.0M
1Mexp11197.0XPP  
0.8633 0.1126 
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Table 4-6 First-order reversible reaction parameter estimates and p values – PDS 3 
p value 
Date Model 
k1 XPPe
11/13/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t1523.0
0061.0M
1Mexp10061.0X PP  
0.8509 0.9598 
11/27/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t2472.0
0008.0M
1Mexp10008.0XPP  
0.8366 0.9735 
12/4/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×−+
++= t)0395.0(
1446.0M
1Mexp11446.0XPP
 
0.3135 0.8038 
12/11/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×−+
++= t)0739.0(
1502.0M
1Mexp11502.0XPP
 
0.7922 0.3323 
12/17/2006 
⎥⎦
⎤⎢⎣
⎡ ⎟⎠
⎞⎜⎝
⎛ ×+
++= t0569.0
0417.0M
1Mexp10417.0XPP  
0.2559 0.3201 
 
As can be seen from the tables above, the parameter estimates are not significant at 95% 
confidence level, due to high p values. The reversible first-order reaction assumes that the poly-
phosphate reversion attains equilibrium at an infinite time. This assumption may not be a good 
approximation for utilities using blended ortho-phosphates as the residence time may not be 
sufficient to reach equilibrium. 
4.5.4 Second Order Reaction Model 
The second order rate constant is given by equation (4-18). 
2
o k
t
PP
1
PP
1
−=
−
 
(4-18)
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The poly-phosphate data for estimating second order rate constant by using equation (4-18) was 
obtained from APPENDIX A. The average second order rate constants have been tabulated 
below in Table 4-7. 
Table 4-7 Average second order rate constants for hybrid lines 
PDS PVC (L/mg-
hr) 
LINED (L/mg-
hr)) 
UNLINED 
(L/mg-hr)) 
GALVANIZED
(L/mg-hr)) 
1 0.182 0.047 0.395 0.651 
2 0.095 0.200 0.031 0.833 
3 0.034 0.028 0.021 0.079 
 
The galvanized line has a high second order rate constant but the second order rate constants for 
the other three materials i.e. PVC, UCI and LCI are not consistent. As can be seen from the table 
the PVC line has a higher reversion rate for PDS 2 and 3 in comparison to LCI and UCI. The 
second order rate constant should have been consistently high with an increased dosage, which 
cannot be seen from the above data. 
 
A graphical representation of inverse polyphosphate concentration (initial) versus time has been 
shown below in Figure 4-2. Equation (4-18) can be modified and written as equation (4-19).  
t k
PP
1
PP
1
2
o
−=  (4-19)
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Figure 4-2 Inverse polyphosphate concentration versus time 
 
Thus a plot of inverse polyphosphate concentration versus time should give a linear relation with 
decreasing slope k2 and intercept
PP
1 . The results, as seen from the plot are not consistent as 
there is a positive slope for some dates. 
4.5.5 First-Order with Wall Reaction Model 
A simplified first-order reversion rate constant with wall reaction can be expressed as given in 
equation (4-20). 
k1 = kb + 
d
4 kx
(4-20)
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It is noted that the overall first-order rate constant cannot be resolved into a bulk water rate 
constant (kb) and a wall reaction rate constant (kx) with the data available in this particular study. 
The presence of a single pipe diameter does not allow differentiating between kb and kx. Even 
though there were four different pipe materials – PVC, UCI and LCI had the same 6 inch 
diameter, while there was a single 2 inch diameter G pipe. Hence, kb and kx could not be 
individually estimated, but the first-order rate constant (k1) could be estimated. This first-order 
rate constant reflects both a bulk reaction (kb) and wall reaction (kx) effect, and may therefore be 
specific for a particular pipe material. 
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4.5.6 First-Order Model 
The first-order rate equation used to model poly-phosphate reversion is given by equation (4-21). 
OP = OPo + (TP – OPo) ×(1-exp(-k1t)) (4-21)
 
The above equation (4-21) was used to estimate a first-order reversion rate constant. The model 
was run on two sets of data, one for the hybrid lines and the other on phosphate data from single 
material lines. Rate constant values for the single material lines were estimated by a non linear 
least square regression method. One advantage using this method is an efficient use of data. It 
can produce good estimates of unknown parameters with a relatively small data set. Hence, k1 
value was estimated by using the influent and effluent ortho-phosphate concentration, residence 
time and initial poly-phosphate concentration. The first-order rate constants have been 
normalized to 20ºC based on an average θ value obtained from equation (4-22) given below. 
k1 = k20×θ (T-20) (4-22)
 First, a reaction order was determined by testing for the significance of parameter estimates in 
each model using ANOVA. The rate constant values for the respective reaction order were used 
to estimate the θ value by using equation (4-22). The temperature and k1 data was restricted to 
phase 1 and phase 3 in order to study the variation of rate constants over a wide temperature 
range. The rate constants were then adjusted to 20ºC by using an average θ value. Details on the 
estimation of θ have been explained in Chapter 5. An average value of 1.17 for the θ value was 
used for all temperature adjustments. 
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The average k1 values and k1 values normalized to 20oC for single material lines have been 
tabulated below in Table 4-8. 
Table 4-8 Average k1 values for single material lines 
Pipe material Rate constant k1 (hr-1) Rate constant k20 (hr-1) 
PVC 0.0007 0.00086 
LCI 0.0081 0.01659 
UCI 0.0088 0.01339 
G 0.0745 0.13306 
 
Thus as can be seen from the data the reversion order is: 
GALVANIZED > UNLINED CAST IRON > LINED CAST IRON > PVC 
The k1 value (average and normalized to 20oC ) for PVC is about 0.001 hr-1 while that of 
galvanized steel is two log orders higher at about 0.10 hr-1. The overall rate constant is a 
summation of bulk and a wall reaction term. Thus, looking back at Table 4-8, a low reversion 
rate constant for PVC and a high rate constant for galvanized steel provides an explanation 
regarding the dominant effect of wall reaction term. The galvanized steel has a smaller diameter 
in comparison to the other three materials – PVC, LCI and UCI. These results suggest that the 
persistence of the poly-P species may differ substantially depending on the materials of 
construction in the distribution system. 
 
The consistent results for a first order reaction for single material lines have been represented 
below with the help of graphs. It can be seen from Figure 4-3, the reversion rate for a G material 
is much higher in comparison to a relatively flat PVC curve shown in Figure 4-4. The reversion 
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rate is relatively close to each other for LCI and UCI as shown in Figure 4-5 and Figure 4-6  
respectively. The data in these graphs are consistent with the assumption of first order kinetics. 
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Figure 4-3 Orthophosphate concentration versus time for G single material line 
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Figure 4-4 Orthophosphate concentration versus time for PVC single material line 
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Figure 4-5 Orthophosphate concentration versus time for LCI single material line 
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Figure 4-6 Orthophosphate concentration versus time for UCI line 
 
The first-order rate constant for hybrid lines was estimated by an algebraic manipulation of 
equation (4-22). The manipulated equation used for calculation of first-order rate constant is 
given by equation (4-23). 
-k1 = ⎥⎦
⎤⎢⎣
⎡
−
−−×
)OP(TP
)OP(OP
1ln
t
1
o
o  
(4-23)
 
The poly-phosphate reversion first-order rate constants and first-order rate constants normalized 
to 20oC for hybrid lines have been tabulated below in Table 4-9, Table 4-10 and Table 4-11. 
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Table 4-9 Average k1 values for hybrid lines – PDS 1 
Pipe material Rate constant k1 (hr-1) Rate constant k20 (hr-1) 
PVC 0.018 0.00762 
LCI 0.005 0.00391 
UCI 0.017 0.00683 
G 0.048 0.01998 
 
Table 4-10 Average k1 values for hybrid lines – PDS 2 
Pipe material Rate constant k1 (hr-1) Rate constant k20 (hr-1) 
PVC 0.019 0.00737 
LCI 0.014 0.00823 
UCI 0.008 0.00603 
G 0.084 0.03916 
 
Table 4-11 Average k1 values for hybrid lines – PDS 3 
Pipe material Rate constant k1 (hr-1) Rate constant k20 (hr-1) 
PVC 0.019 0.00537 
LCI 0.014 0.00658 
UCI 0.008 0.00882 
G 0.084 0.01168 
 
The results from the hybrid PDSs substantially agree with the results obtained from the single 
material lines, with the exception of the PVC material.  The data from the hybrid lines confirms 
that the reversion rate constant is greatest for exposure to galvanized pipe materials, but the 
hybrid data indicate that the rate constant associated with PVC is somewhat larger than the 
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constants determined for either LCI or UCI. To further strengthen this statement Table 4-12 
below shows the average first-order rate constants and the average first-order rate constants 
normalized to 20ºC combined for PDS 01, PDS 02 and PDS 03. 
Table 4-12 Average first-order rate constants for combined PDS 1, 2 and 3 
Pipe Material Rate Constant k (hr-1) Rate constant k20 (hr-1) 
PVC 0.01514 0.00679 
LCI 0.01032 0.00624 
UCI 0.01067 0.00723 
G 0.05649 0.02361 
 
It can be seen from Table 4-12 that average first-order rate constant value of 0.015 hr-1 for PVC 
is higher or somewhat closer (for average rate constant normalized to 20ºC) to the Lined Cast 
Iron and Unlined Cast Iron. On an average the Galvanized pipe material has an average first-
order rate constant value of 0.056 hr-1 which is almost five times the rate constant for PVC, LCI 
and UCI. 
4.6 Conclusions and Recommendations 
The results from the study of reversion of poly-phosphates to ortho-phosphates in a distribution 
system revealed that the rate follows first-order kinetics. Thus, the reversion rate is a function of 
initial poly-phosphate concentration, hydraulic residence time and the pipe material. The k 
values that have been estimated are for a fixed diameter and laminar flow conditions.  The 
overall first-order rate constant can be written as a summation of a wall reaction term kx and a 
bulk water quality term kb and represented as given below. 
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k1 = kb + xkd
4 .  
Due to certain constraints in this particular study in terms of the availability of a single diameter 
for each pipe material the bulk water rate constant and wall reaction rate constant could not be 
resolved. This forces a determination of k1 that would depend on pipe material. 
 
The results from single material lines show that the reversion rate in PVC is almost two log 
orders less than a galvanized pipe. This can be attributed to the pipe material, wall surface 
reaction, larger surface area or a combination of all the above mentioned effects. The results 
from hybrid lines were not consistent with the single material lines. For the hybrid PDS data, 
PVC showed a greater reversion rate as compared to lined and unlined cast iron.  
 
The first-order reversion rate equation can be used by utilities using blended ortho-phosphates to 
estimate the percentage poly-phosphate reverted for varying hydraulic retention times and pipe 
materials and thus vary their dosage to ensure poly-phosphate presence along the distribution 
system. This can be shown with the help of Figure 4-7. The graph represents percentage 
reversion of polyphosphate with varying HRT. The G material has an extremely high 
polyphosphate reversion rate (99.99% +) over a 2 day HRT. The PVC has a slow reversion rate 
(5%) over the 2 day HRT. Thus, it can be an advantage for utilities to change to a plastic material 
for distribution systems. It could provide a longer corrosion inhibition action over longer 
distribution systems.  
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Figure 4-7 Percentage poly-phosphate reversion as a function of HRT 
 
Based on the Lead and Copper Rule a small or medium public water supply system that exceeds 
the lead action level of 15 ppb and/or the copper action level of 1.3 ppm during any monitoring 
period must collect Water Quality Parameter (WQP) samples in addition to lead and copper 
source samples during the same monitoring period in which it exceeds an action level. The water 
quality parameter includes ortho-phosphate when a phosphate based inhibitor is used. Thus, the 
rate expression can be used as a convenient tool for estimating the depletion of poly-phosphate 
across the distribution system and study its effectiveness in corrosion inhibition. 
 
It is recommended that a reversion study be carried out on varying pipe diameters for each of the 
pipe materials-PVC, LCI, UCI and G. The presence of 6 inch diameter PVC, LCI and UCI pipe 
and 2 inch diameter G pipe in this particular study could not help distinguish between surface 
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area and pipe material effects on the first-order reaction rate constant. A study on reversion rates 
for varying pipe diameters would permit the estimation of a wall reaction rate constant (kx) and 
an independent estimation of a bulk reaction rate constant (kb). The flow conditions for pilot 
study could be increased to turbulent flow conditions. The overall wall reaction rate constant has 
been simplified to equation (4-8) based on an assumption that the mass transfer coefficient is 
dominant as compared to the wall reaction rate constant. The mass transfer coefficient can be 
estimated with varying Reynolds’s number – at different laminar and turbulent flow conditions 
and thus help in predicting, the effect of wall and mass transfer coefficient individually on the 
first order polyphosphate reversion rate constant.  
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5 EFFECT OF BULK WATER QUALITY ON POLY-PHOSPHATE 
REVERSION 
5.1 Keywords 
Poly-phosphates, reversion, water quality, distribution system, modified Arrhenius equation, 
temperature correction factor. 
5.2 Introduction  
Phosphates are being widely used by utilities to help meet regulatory rules and public pressures 
to produce quality drinking water. Ortho and poly-phosphates work together, stabilizing water 
quality and minimizing color, scale, deposits, corrosion, and chlorine demand in drinking water 
systems. The advantage of using a poly-phosphate is the longevity of the poly-phosphate form 
over long hydraulic retention time in the distribution systems. 
 
In a one year study on the pilot distribution system, poly-phosphate reversion was studied over 
varying blends of source waters. A power equation was used to relate a first-order poly-P 
reversion rate constant to water quality data. The one year study was divided into four Phases, 
each of 3 months duration. Phase 1, Phase 2 and Phase 4 had different blend ratios of source 
water while Phase 3 had a blend ratio similar to Phase 1 in order to study the variability of water 
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quality over a winter and summer season, respectively. Thus, an attempt was made to study the 
relationship between reversion rate and temperature due to the availability of data for a wide 
temperature range. Various models (linear model, Arrhenius model and modified Arrhenius 
model) were examined to model the relation between temperature and the first-order rate 
constant. 
5.2.1 Objective 
The primary goal is to develop a rate model to relate the effect of bulk water quality on poly-
phosphate reversion. The poly-phosphate slowly reverts to ortho-phosphate forming a protective 
coating on the pipe walls. The longevity of poly-phosphate form across a distribution system and 
thus its ability to inhibit corrosion over longer pipe lengths and hydraulic retention times requires 
an understanding of the kinetics. The kinetics would be defined as a function of varying water 
quality (pH, alkalinity, DO, Calcium, Magnesium, Chlorides, Total chlorine, TDS, UV- 254, 
Sodium and Sulfates) and temperature. An effort would be made to correlate all significant water 
quality parameters to the first-order reversion rate constant and thus build a model. 
5.3 Literature Review 
5.3.1 Ortho-phosphates 
Ortho-phosphates are one of a number of oxo anions of the element phosphorus. All phosphorus 
oxo anions contain P-OH groups where the hydrogen atom is ionizable. Ortho-phosphates can 
act as anodic corrosion inhibitors in the presence of oxygen (e.g. surface and aerated waters). For 
example, dissolved oxygen attacking a metal such as iron, forms alpha Fe2O3. The ferrite film 
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gradually spreads, corrosive attack, occurring at the breaks in the oxide film. These gaps are then 
plugged by the formation of insoluble iron phosphates resulting from the reaction of sodium 
ortho-phosphate with the anodic corrosion product (Innophos Factsheet 1996) i.e. 
 
1. Fe → Fe2+ + 2e- 
2. Fe2+ + H2PO4 +2H2O → FePO4.2H2O + 2H+
 
This type of corrosion control is called passivation. Passivation results initially from chemical 
precipitation which provides a barrier between the metal and the corroding liquid. In the case of 
ortho-phosphates a thin film which is very insoluble and resistant to dissolution is put down and 
is a form of conversion coating (Innophos Factsheet 1996). 
5.3.2 Poly-phosphates 
Condensed phosphates or poly-phosphates, as the names suggest, contain more than one 
phosphorus atom in the molecule or ion, connected to each other through an oxygen bridge. 
Poly-phosphates in water industry refers to condensed inorganic phosphate ranging from a 
simple diphosphate to a long-chain linear poly-phosphate. Only linear poly-phosphates are used 
in water industry. Poly-phosphates are formed by dehydration of ortho-phosphate (Boffardi 
1993).  
 
According to Boffardi (1993), poly-phosphates require a minimum concentration of calcium ions 
to form protective film on steel. Calcium-to-poly-phosphate ratio is more critical than poly-
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phosphate concentration, at least 1-to-5 weight ratio of calcium to phosphate. Poly-phosphates 
can prevent crystal growth of calcium carbonate scale in water pipes.  It is worth noting that 
poly-phosphate cannot prevent, nor remove, deposits of magnesium hydroxide (Larson 1957). 
5.3.2.1 Water Quality Effect  
Edwards et. al. (2001) compared the benefits of ortho-phosphate versus poly-phosphate in 
controlling copper corrosion by-product release in aged copper pipes, at variable pH and 
alkalinity values. Poly-phosphate seems to perform less favorably than ortho-phosphate at 
comparable concentrations of 1 mg/L as P. It is believed that ortho-phosphate reduced copper 
solubility by forming a cupric phosphate scale.  While in the absence of any phosphate 
inhibitors, an insoluble malachite scale formed over a period of years.  Poly-phosphate, however, 
increased copper release in comparison to ortho-phosphate because it complexed copper, 
increasing soluble copper release. 
 
The pH is best maintained at the level of 6.5 to 7.0 since as the pH drops, the rate of reversion of 
poly-phosphate to ortho-phosphate increases. The potential for reversion increases as pH rises 
above 7.5 and below 6 (Innophos Factsheet 1996). The stronger electrodeposited film is replaced 
by a weaker adsorbed film. In these applications, the poly-phosphate is acting both as a reservoir 
of potential ortho-phosphate and as a cathodic corrosion inhibitor. More soluble and less likely to 
be precipitated in its polymeric form, poly-phosphates can be retained longer in the system than 
ortho-phosphates. Much of the poly-phosphate will eventually revert to the ortho-phosphate 
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condition, at which time it may react with elements such as calcium, lead and iron, to be 
precipitated and to form protective conversion coatings (Innophos Factsheet 1996). 
 
The experimental results by Edwards and Holm (2003) found that the apparent rate constants for 
metaphosphate reversion in systems with no added Calcium were 0.0030 (day-1) at pH 7, 0.0016 
(day-1) and 0.0039 (day-1) at pH 8 and 0.00037 (day-1) at pH 9. With the exception of the pH 9 
value, pH had little effect on the rate constant. The results were consistent with that found by 
Griffith and Buxton (1967), who found that for hexa-,hepta- and octaphosphate the reversion 
rates at pH 7 were greater than the rates at pH 11 by factors of only 1.3-1.6.  
 
In the beaker experiments (using glass containers) the time required for 10% reversion to (PO4)3- 
ranged from approximately 21 to 270 days (Edwards and Holm 2003). For higher Ca 
concentrations, the reversion rate was roughly proportional to the logarithm of Ca concentration. 
For 120 mg/L Ca approximately 60% of metaphosphate was converted to (PO4)3- in 21 days 
(Edwards and Holm 2003). The reversion rate was more sensitive to Ca than to pH. The rate 
equation developed by Edwards and Holm (2003) with respect to Ca concentration (mol/L) is 
given as equation (5-1). 
 
k1 = 0.042 + 0.0071×log10(Ca) (5-1)
where k1 = first-order rate constant (1/T) 
 Ca = calcium concentration (mol/L) 
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5.4 Methods and Materials 
The result of this research is part of a University of Central Florida –Tampa Bay Water-
AWWARF-tailored collaboration project. The PDSs were composed of 18 different distribution 
lines. Lines 1 through 14 were hybrid lines, while lines 15-18 composed of single material lines. 
The set up of the hybrid lines was designed to have a consistent configuration involving similar 
lengths of PVC, LCI, UCI and G pipes respectively.  
 
Pilot distribution systems 01 to 14 were composed of four materials, laid out sequentially as: 
• Approximately 20 feet of 6-inch diameter polyvinylchloride (PVC) pipe, 
• Approximately 20 feet of 6-inch diameter lined cast iron (LCI) pipe, 
• Approximately 12 feet of 6-inch diameter unlined cast iron (UCI) pipe,  
• Approximately 40 feet of 2-inch diameter galvanized iron (G) pipe. 
Table 5-1 gives a summary of the source waters and treatment process before blending. 
 
Table 5-1 Source waters used in TBW 2 
Water type Treatment 
Surface water 
(SW) 
Treatment by ferric sulfate coagulation, flocculation, settling, filtration, 
disinfection by ozonation, biologically activated carbon filtration, 
disinfection residual from combined chlorine. 
Ground water 
(GW) 
Treatment by aeration, free chlorine, addition of ammonia to form 
monochloramines as disinfectant 
Desalinated water 
(RO) 
Treatment by reverse osmosis membranes, aeration, disinfection by free 
chlorine, ammonia addition to form combined chlorine, dissolved ocean 
salt to simulate desalination process. 
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TBW 2 was divided into 4 Phases: each of three months duration. Phase 1 and Phase 3 had the 
same blends in order to study the seasonal effects-winter and summer respectively. The three 
source waters that were used for blending were finished ground water, surface water and 
desalinated water (from RO).  
Table 5-2 below gives the ratios of source water used in the distribution system for the 4 phases. 
Table 5-2 Water blend ratios used in TBW 2 
Phase % GW in Blend 
% SW in 
Blend 
% RO in 
Blend 
I (Feb – May 2006) 62 27 11 
II (May - Aug 2006) 27 62 11 
III (Aug – Nov 2006) 62 27 11 
IV (Nov 2006 – Feb 2007) 40 40 20 
 
5.4.1 Sampling and Analysis 
Sampling ports at the end of each pipe material helped study the variation in water quality 
associated with each pipe material. A HRT of 2 days was maintained in the distribution lines. 
Table 5-3 below gives cumulative volumes at the end of each port. 
Table 5-3 Cumulative volumes at each port for hybrid lines 
Sample port # Pipe length (ft) 
Pipe diameter 
(ft) 
Cumulative 
volume (L) Location 
4 20 0.50 111 PVC 
5 20 0.50 223 LCI 
6 12 0.50 290 UCI 
1 40 0.17 315 Effluent 
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The samples from influent and effluent ports were analyzed for different water qualities on a 
weekly basis. Table 5-4 below summarizes the water quality parameters. 
 
Table 5-4 Water Quality parameters 
Parameter Method of analysis Units 
Ammonia Ammonia probe mg NH3 –N /L  
Ph pH probe  
Alkalinity Titration mg/L as CaCO3
Calcium Titration / ICP mg/L 
Magnesium Titration / ICP mg/L 
cm-1UV- 254 Spectrophotometer 
HPC Plate count cfu/mL 
Dissolved Oxygen Probe mg/L 
oC Temperature Probe 
NPDOC TOC analyzer mg/L 
Nitrites Spectrophotometer mg/L 
Silica Spectrophotometer /ICP mg/L 
Total chlorine Spectrophotometer mg/L 
Free chlorine Spectrophotometer mg/L 
Turbidity Spectrophotometer NTU 
Apparent color Spectrophotometer CPU 
Conductivity Probe μS/cm 
Ortho-phosphate Spectrophotometer mg/L 
Total phosphate ICP mg/L 
Sodium Spectrophotometer mg/L 
Chloride Titration / ICP mg/L 
Sulfate Spectrophotometer / ICP mg/L 
Copper ICP mg/L 
Zinc ICP mg/L 
Total lead ICP mg/L 
Total iron Spectrophotometer / ICP mg/L 
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5.5 Results 
5.5.1 Significance of p value 
The analysis of variance test (ANOVA) was used to determine the significance of all model 
parameters. A p value indicates the level of confidence. If the variables associated with the 
parameters had a p value less than 0.05 (95% confidence level), then the variables were 
determined to be significant and thus retained in the model. This approach was followed for all 
model analysis and development– zero order, reversible first-order, second order, first-order with 
wall reaction and first-order. 
5.5.2 Power Model 
The first-order overall rate constant was estimated by using equation (5-2). 
OP = OPo + (TP – OPo) ×(1-exp(-k1t)) (5-2)
where OP = ortho-phosphate concentration (M/L3) 
 OPo = initial ortho-phosphate concentration (M/L3) 
 TP = total phosphate concentration (M/L3) 
 t = time (T) 
 
The k1 values by PDS have been attached in APPENDIX B. 
A power equation of the form given in equation (5-3) was used to model water quality 
parameters with the first-order reversion rate constant. 
k1 = α (WQ) β (5-3)
where α, β = parameter estimates  
 WQ = water quality 
 
 78
Average water quality by phase has been tabulated below in Table 5-5. 
Table 5-5 Average water quality by phase (PDS 1-PDS 14) 
Parameter Units Phase I Phase II Phase III Phase IV 
Total Cl2 as Cl2 4.1 5.6 5.2 4.7
Ph   8.04 7.89 8.03 7.88
Alk as as CaCO3 160 103 150 123
Ca2+ mg/L 75 72 76 58
Mg2+ mg/L 7 7 7 7
UV-254 cm-1 0.071 0.074 0.079 0.065
Influent Color CPU 2 1 2 2
Effluent Color CPU 4 14 8 9
Influent Turbidity NTU 0.366 0.176 0.203 0.225
Effluent Turbidity NTU 0.575 0.893 0.526 0.666
D.O. mg/L as O2 8.78 7.55 7.77 8.86
Conductivity μS/cm 552 613 633 586
Temperature oC 21.3 26.2 25.7 21.2
Chlorides mg/L 45 67 68 59
Sulfates mg/L 62 103 67 76
 
Each water quality parameter was independently fit into the power model to check its significant 
effect on water quality. The criteria for checking the significance of a particular water quality 
was based on the p value. If the parameter estimates had p values less than 0.05 (95% confidence 
level) then the water quality parameter was significant in the model. 
 
The first attempt involved consolidating water quality data from PDS 1, 2 and 3. The results have 
been tabulated below in Table 5-6. 
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Table 5-6 k1 vs water quality for combined data set of PDS 1, 2 and 3 
p value 
Water quality Model equation 
α β 
Alkalinity k1 = 0.0074(ALK)0.11 0.74 0.86 
Ph k1 = 0.0021(pH)0.78 0.92 0.86 
Temperature k1 = 0.024(TEMP)-0.22 0.65 0.75 
Calcium k1 = 0.068(Ca)-0.44 0.73 0.51 
Magnesium Did not converge   
 Diss. Oxygen k1 = 0.0032(DO)0.73 0.68 0.53 
UV 254 k1 = 0.0021(UV)0.56 0.65 0.24 
TDS k1 = 0.00075(TDS)0.58 0.89 0.63 
Sodium k1 = 0.011(Na)-0.042 0.13 0.83 
Chlorides k1 = 0.029(Cl-)-0.25 0.69 0.68 
Total chlorine k1 = 0.033(TCl2)-0.46 0.29 0.42 
Sulfates k1 = 0.014(SO4)0.11 0.62 0.81 
 
As can be seen from Table 5-6 the p values for parameter estimates are high (greater than 0.05) 
for all water quality parameters and thus not significant. This particular approach did not provide 
any water quality parameter that could be correlated with the first-order reversion rate. 
 
The data set was then separated by PDS and data was fit in a power model as expressed by 
equation (5-3).  
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Table 5-7 Statistical output for k1 vs water quality – PDS 1 
p value 
Water quality Model equation 
α β 
Alkalinity k1 = 0.011(ALK)0.12 0.86 0.92 
pH k1 = 0.15(pH)-1.24 0.95 0.88 
Temperature k1 = 0.036(TEMP)-0.38 0.81 0.77 
Calcium k1 = 0.13(Ca)-0.53 0.85 0.68 
Magnesium k1 = 0.000042(Mg)2.93 0.80 0.16 
 Diss. Oxygen k1 = 0.0015(DO)0.75 0.84 0.74 
UV 254 k1 = 0.00019(UV)-1.56 0.77 0.23 
TDS k1= 0.0024(TDS)0.32 0.94 0.88 
Sodium k1 = 0.021(Na)-0.16 0.35 0.62 
Chlorides k1 = 0.021(Cl-)-0.71 0.82 0.50 
Total chlorine k1 = 0.18(TCl2)-1.69 0.53 0.10 
Sulfates k1= 0.0068(SO4)0.21 0.80 0.81 
 
Table 5-8 Statistical output for k1 vs water quality –PDS 2 
p value 
Water quality Model equation 
α β 
Alkalinity k1 = 0.0043(ALK)0.28 0.80 0.74 
pH k1 = 0.0009(pH)1.62 0.94 0.81 
Temperature k1 = 0.0024(TEMP)0.68 0.80 0.57 
Calcium k1 = 0.0031(Ca)0.39 0.83 0.72 
Magnesium k1 = 0.00018(Mg)2.15 0.71 0.13 
 Diss. Oxygen k1 = 0.22(DO)-1.26 0.77 0.45 
UV 254 k1 = 0.013(UV)-0.13 0.65 0.88 
Sodium k1 = 0.007(Na)0.15 0.37 0.64 
Chlorides k1 = 0.011(Cl-)0.13 0.78 0.88 
Total chlorine k1 = 0.011(TCl2)0.40 0.46 0.62 
Sulfates k1 = 0.019(SO4)0.20 0.72 0.98 
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Table 5-9 Statistical output for k1 vs water quality – PDS 3 
p value 
Water quality Model equation 
α β 
Alkalinity k1 = 0.074(ALK)-0.47 0.85 0.67 
pH k1 = 280.63(pH)-5.1 0.95 0.54 
Temperature k1= 0.15(TEMP)-0.95 0.77 0.38 
Calcium k1= 0.77(Ca)-1.11 0.82 0.31 
Magnesium k1 = 0.015(Mg)-0.41 0.82 0.85 
 Diss. Oxygen Did not converge   
UV 254 k1 = 0.00022(UV)-1.40 0.74 0.21 
TDS k1 = 0.13(TDS)-0.47 0.92 0.79 
Sodium k1 = 0.008(Na)-0.11 0.41 0.76 
Chlorides k1 = 0.051(Cl-)0.44 0.83 0.70 
Total chlorine k1 = 0.034(TCl2)0.83 0.55 0.44 
Sulfates k1 = 0.0032(SO4)0.24 0.78 0.78 
 
Thus it can be seen that reversion rate could not be modeled with any water quality parameter. 
The p values for the parameter estimates are really high and thus are not significant in the power 
model. One of the important points that should be noted here is that the water quality did not 
change much between the four phases as they were blends from the same source waters. Hence a 
broad range of water quality estimates was not available to bring out a strong correlation with the 
first-order reversion rate constant. This point can be further strengthened with the help of a few 
graphs. Based on literature (Edwards and Holm 2003) calcium, pH and alkalinity are some of the 
important water quality parameters that affect poly-phosphate reversion. A linear plot of Log 
calcium and first-order reversion rate constant has been shown in Figure 5-1, Figure 5-2 and 
Figure 5-3. 
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Figure 5-1 k1 versus log Ca - PDS 1 
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Figure 5-2 k1 versus log Ca – PDS 2 
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Figure 5-3 k1 versus log ca – PDS 3 
 
Based on literature (Shen and Dryoff 1966; Pagenkopf 1983) tripoly-phosphate degradation was 
roughly proportional to logarithm of cation concentration. It can be seen from the graph only 
PDS 2 gave a positive correlation while PDS 1 and PDS 3 had a negative correlation between k1 
and Log Ca. As there is not much variation in calcium concentrations between phases there was 
no pronounced effect of calcium on the rate constant. 
5.5.3 Relation of Reversion Rate with Temperature 
From literature and chemical kinetics concepts it would be expected to identify relation between 
the first-order reversion rate constant and temperature. Rate constant values were modeled as a 
linear relation with temperature by considering data from phase 1 and phase 3. The simple linear 
equation that was used can be given as equation (5-4). 
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k1 = ko + m × (temperature) (5-4)
where ko =  first-order rate constant at T = 0oC (1/T) 
m  = slope (rate of change of first-order reversion rate constant with temperature) 
 
It would be meaningful to consolidate phase 1 and phase 3 data. The reason for combining the 
two phases is that they represent the same water quality over two different temperature ranges. 
Phase 1 was in winter while phase 3 was in summer. Thus with a wide temperature range it is 
possible to find a relation between the first-order reversion rate constant and temperature. The 
graphs of reversion rate as a function of temperature have been attached in APPENDIX D. 
 
Table 5-10 below consolidates the linear equations for k versus temperature for combined data 
set of Phase 1 and Phase 3. 
Table 5-10 Temperature vs k1 for phase 1 and phase 3 combined data 
PDS Model 
1 k1 = 0.001(temp) - 0.02 
2 k1 = 0.003 (temp) – 0.08 
3 k1 = 0.0003 (temp) – 0.002 
       Note: units on k1 = hr-1 
      T = oC 
 
As can be seen from the data in Table 5-10 there is a positive correlation between the first-order 
rate constant and temperature. The next step would be to develop a form of equation to predict 
the reversion rate constant at a particular temperature. Three models were evaluated as defined in 
equation (5-5), equation (5-6)and equation (5-7). 
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k1 = ko+ a×T (5-5)
where a = constant 
 ko = rate constant at T = 0oC 
 
k1=ko ×exp (
RT
Ea− ) (5-6)
where Ea = activation energy (cal/gmol) 
 R = universal gas constant (cal/gmol oK) 
k1=k20×θ (T-20) (5-7)
where θ = average temperature correction factor 
The statistical output for parameter estimates for each of the equations has been tabulated below 
in Table 5-11, Table 5-12 and Table 5-13. 
Table 5-11 Linear model – equation (5-5) 
PDS 1 PDS 2 PDS 3 
 Coeff p val  Coeff p val  Coeff p val 
ko (hr-1) -0.020 0.612 ko (hr-1) -0.078 0.136 ko (hr-1) -0.002 0.944 
a (hr-1C-1) 0.001 0.454 a (hr-1C-1) 0.003 0.074 a (hr-1C-1) 0.0003 0.806 
 
Table 5-12 Arrhenius Model – equation (5-6) 
PDS 1 PDS 2 PDS 3 
 Coeff p val  Coeff P val  Coeff p val 
ko  0.299 0.984 ko 8.49 0.979 ko 0.271 0.988 
Ea 2035.3 0.944 Ea 3691.67 0.871 Ea 2410.3 0.925 
Note: units on k=hr-1
Ea = cal/gmol 
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Table 5-13 Modified Arrhenius Model – equation (5-7)  
PDS 1 PDS 2 PDS 3 
 Coeff p value  Coeff P value  Coeff p value 
k20  0.0052 0.3678 k20  0.0036 0.3403 k20  0.0031 0.503 
Θ 1.1167 <0.0001 θ 1.2989 <0.0001 θ 1.0798 0.0015 
Note: units on k20 = hr-1
The Modified Arrhenius equation provided a better model as well as practical model to define a 
significant relationship between first-order reversion rate constant with temperature. The base 
temperature was fixed at 20oC. The average temperature correction factor for all PDSs was 
estimated to be 1.17. The average temperature correction factor values are greater than 1 and 
thus indicate a positive relation between first-order reversion rate constants and temperature. A 
high value indicates a high sensitivity of temperature with reversion rate.  As can be seen from 
Table 5-13, the p values for temperature correction factor are less than 0.05 (95% confidence 
level) and thus the temperature correction factor is retained in the model.  
 
The actual and predicted values of first order rate constant versus temperature have been shown 
below for each pipe material. It can be seen from the graphs that equation (5-7) may provide a 
reasonable estimation of the first-order rate constant as a function of temperature but support for 
the conclusions are limited by the small data set. 
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Figure 5-4 Actual and predicted k1 values as a function of temperature for G  
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Figure 5-5 Actual and predicted k1 values as a function of temperature for PVC 
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Figure 5-6 Actual and predicted k1 as a function of temperature for LCI 
0.00
0.01
0.02
0.03
0.04
0.05
0.06
0.07
15 20 25 30
Temperature(oC)
k 1
 (h
r-
1 )
 
Figure 5-7 Actual and predicted k1 value as a function of temperature for UCI 
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5.6 Conclusions and Recommendations 
The first-order poly-phosphate reversion rate constant was studied as a function of the bulk water 
quality. The statistical results by using a non linear least square regression method did not 
identify any water quality parameters that significantly affected the first-order reversion rate 
constant. This may be attributed to similar water quality over the four phases and thus an absence 
of a wide range in water quality data. This was unlike TBW 1 where the distribution systems 
were fed with different source waters without blending, achieving a wider variation in water 
quality parameters. 
 
The flow conditions for pilot study could be increased to turbulent flow conditions. The wall 
reaction rate constant kw has been simplified to a single overall wall reaction rate constant kx 
based on an assumption that the mass transfer coefficient is dominant as compared to the wall 
reaction rate constant. The mass transfer coefficient can be estimated with varying Reynolds’s 
number – at different laminar and turbulent flow conditions and thus help in predicting, the effect 
of wall and mass transfer coefficient individually on the first order polyphosphate reversion rate 
constant. 
 
Even though temperature did not prove to be significant in the power model, efforts were made 
to independently study its relation with temperature. The data set was modified by neglecting 
data from Phase 2 and Phase 4. The advantage by combining data set from Phase 1 and Phase 3 
is the wide temperature range for the same water quality. This was unlike other water quality 
parameters which did not have significant difference between phases. 
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A simple linear equation of the form k1 = ko + m ×(temperature ) gave a positive slope. Thus, a 
positive correlation was established between temperature and the first-order reversion rate 
constant for PDS 1, 2 and 3. Modified Arrhenius model quantified this positive relationship with 
the help of an equation given as k1 = k20 × θ (T-20) –The average temperature correction factor was 
found to be 1.17. Thus a high value of temperature correction factor indicates a high sensitivity 
of the rate constant to temperature.  
 
Figure 5-8 given below provides a graphical representation of the above statement. The G 
material has a very high polyphosphate reversion rate with increasing temperature. There is 
almost a 25% reversion for every 10oC rise in temperature for a 24 hour HRT. In contrast to the 
G material, the PVC has a very slow polyphosphate reversion with increasing temperature. For 
every 10oC rise in temperature there is almost 5% reversion for a 24 hour HRT. 
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Figure 5-8 Percentage poly-phosphate reversion as a function of temperature 
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Based on literature, some water quality parameters like calcium, pH and alkalinity effect the 
poly-phosphate reversion. Thus, further studies could be carried out by varying water quality 
parameters over a wider range. This could be done by using 100% source waters through a 
distribution system rather than blending them at a reduced ratio. An advantage of attaining a bulk 
water quality rate constant is that it can be incorporated with the wall reaction rate constant to 
obtain an overall rate constant. With relation to this particular research study, a bulk water 
quality reversion rate constant could have helped to study the effect of wall reaction on the poly-
phosphate reversion as an overall first-order reversion rate was already established. 
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6 CONCLUSIONS AND RECOMMENDATIONS 
6.1 Pipe Material Effects on Reversion Rate 
6.1.1 Reaction Models for Hybrid and Single Material PDS 
A first-order with wall reaction model provided some valuable insight in terms of the relation of 
poly-phosphate reversion with wall reaction and bulk water quality. The overall first-order rate 
constant can be given as equation (6-1). 
(6-1)k1 = kb + 
d
4 kx. 
where k1 = first-order rate constant (1/T) 
 kb = first-order bulk rate constant (1/T) 
 kx = wall reaction rate constant (L/T) 
 
Due to the availability of only a single diameter, the bulk water rate constant and wall reaction 
rate constant could not be individually determined. The first-order with wall reaction model 
would be compatible with the first-order model, provided that the rate constant (k1) is specific for 
a particular pipe material. 
 
First-order model analysis yielded an integrated form of the rate equation, of the form given in 
equation (6-2). 
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OP = OPo + (TP – OPo) × (1 – exp(-k1t)) (6-2)
where OP =ortho-phosphate concentration (M/L3) 
 OPo = initial ortho-phosphate concentration (M/L3) 
 TP = total phosphate concentration (M/L3) 
t = time (T) 
 
The first-order reaction rate constant (k1) was determined using two independent datasets: single 
material and hybrid PDSs. It must be noted that the k1 values have been estimated for a particular 
diameter and laminar flow conditions. The values of the rate constant were not totally consistent 
for the different sources of data. For the hybrid PDS data, PVC had a high first-order reversion 
rate constant, comparable to the LCI and UCI but less than G. In contrast, the first-order rate 
constant for PVC was the smallest for the single material PDS data. The first-order rate constant 
values exhibited the following trends for the single material PDS data: G > UCI > LCI > PVC. A 
high reversion rate constant for the G line could be attributed to a rougher surface, larger surface 
area, reaction with the wall surface, pipe material or a combination of these effects.  
6.1.2 First-Order Model Significance 
The first-order reversion rate equation can be used by utilities using blended ortho-phosphates to 
estimate the percentage poly-phosphate reverted for varying hydraulic retention times and pipe 
material. These estimates may provide guidance for selection of phosphate dosage to ensure 
poly-phosphate presence throughout the distribution system. 
 
Table 6-1 below shows an application of the first-order model in predicting percentage poly-
phosphate reverted at varying hydraulic retention time for various pipe materials assuming a 
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temperature of 20ºC. The rate constants that were developed for the single material PDSs were 
selected for these calculations. The value of k1 is corrected to 20oC.  
Table 6-1 Percentage poly-phosphate reverted for varying hydraulic retention times 
HRT (hr) Pipe 
Material k20 (hr
-1) 
½ 2 5 10 24 48 
PVC 0.00086 0.04 0.17 0.43 0.86 2.04 4.04 
UCI 0.01339 0.67 2.64 6.48 12.53 27.48 47.41 
LCI 0.01659 0.83 3.26 7.96 15.29 32.84 54.90 
G 0.13306 6.44 23.37 48.59 73.57 95.90 99.83 
 
It can be seen from Table 6-1, the varying poly-phosphate reversion rates in different pipe 
materials. Thus, it can be a good indicator for utilities using poly-phosphate inhibitors to assess 
the persistence of the poly-phosphate form for their respective distribution system. 
 
Table 6-1 shown above has been graphically represented in Table 6-1. The graph shows a 
variation of percentage polyphosphate reversion with HRT.  
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Figure 6-1 Percentage poly-phosphate variation with HRT 
 
6.1.3 Recommendations for Further Study 
For a specific pipe material, data were not available from the current study for more than one 
pipe diameter. Therefore, it was not possible to distinguish between surface area and pipe 
material effects on the first-order reaction rate constant. A further study on different pipe 
diameters for different pipe materials could be done. This would permit estimation of a wall 
reaction rate constant (kx) and independent estimation of a bulk reaction rate constant (kb). This 
study can be extended to hybrid as well as single material lines. Once a wall reaction rate 
constant is established, it can be incorporated into the overall first-order reversion rate constant 
and thus completely quantify the effects of pipe material and diameter on poly-phosphate 
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reversion. The wall reaction rate constant can also be combined with the bulk reaction rate 
constant to establish an overall reversion rate constant. 
 
The flow conditions for pilot study could be increased to turbulent flow conditions. The wall 
reaction rate constant kw has been simplified to a single overall wall reaction rate constant kx 
based on an assumption that the mass transfer coefficient is dominant as compared to the wall 
reaction rate constant. The mass transfer coefficient can be estimated with varying Reynolds’s 
number – at different laminar and turbulent flow conditions and thus help in predicting, the effect 
of wall and mass transfer coefficient individually on the first order polyphosphate reversion rate 
constant. 
6.2 Water Quality Effects on Poly-phosphate Reversion 
6.2.1 Water Quality Results 
The power model given as k1 = α (WQ) β was used to study the effect of water quality on poly-
phosphate reversion. None of the water quality parameters showed a significant effect on poly-
phosphate reversion. This decision was based on the statistical output (p values) obtained by 
ANOVA. 
 
The reason for not seeing any relation between bulk water quality and reversion may be 
attributed to the limited variation in water quality. All phases had the same source waters with 
varying blend ratios. Hence the range in water quality was limited.  
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6.2.2 Temperature Effect on Poly-phosphate Reversion 
Even though temperature did not prove to be significant in the power model, efforts were made 
to independently study the rate constant relation with temperature. The data set was modified by 
neglecting data from phase 2 and phase 4. The advantage by combining data set from phase 1 
and phase 3 is the wide temperature range for similar water quality.  
 
The modified Arrhenius equation was used to define a relationship between the first-order 
reversion rate constant with temperature. The equation is given by equation (6-3). 
k1 = k20 × θ (T-20) (6-3)
where  k20 = first-order rate constant normalized to 20oC (1/T) 
θ  = average temperature correction factor 
T = temperature (oC) 
 
The base temperature was fixed at 20oC. Average temperature correction factor value was 
estimated to be 1.17. The average temperature correction factor values were greater than 1 and 
thus indicated a positive relation between first-order reversion rate constants and temperature. A 
high value indicated a high sensitivity of temperature with reversion rate. 
 
Thus with the availability of first-order rate constant at T = 20oC it is possible to estimate the 
first-order rate constant at any other temperature (above or below 20oC). Thus, the modified 
Arrhenius model can be used to estimate a first-order reversion rate along a distribution system. 
If the temperature of the water through a particular point in the distribution system is known it is 
possible to estimate the percentage poly-phosphate depletion.  
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Table 6-2 given below provides a graphical representation of the above statement. The G 
material has a very high polyphosphate reversion rate with increasing temperature. There is 
almost a 25% reversion for every 10oC rise in temperature for a 24 hour HRT. In contrast to the 
G material, the PVC has a very slow polyphosphate reversion with increasing temperature. For 
every 10oC rise in temperature there is almost 5% reversion for a 24 hour HRT. 
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Figure 6-2 Percentage poly-phosphate reversion as a function of Temperature 
 
Table 6-2 below illustrates the utility of modified Arrhenius equation in predicting the first-order 
reversion rate and thus percentage poly-phosphate reverted at varying temperatures in single 
material lines for a HRT of 24 hours. 
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Table 6-2 Percentage poly-phosphate reversion at varying temperatures for single material lines 
Temperature (ºC) Pipe 
Material 
HRT 
(hr)   15 20 25 30 
k1 (hr-1) 0.00039 0.00086 0.00189 0.00413 
PVC 24 % poly P 
reverted 0.9 2.0 4.4 9.4 
k1 (hr-1) 0.00757 0.01659 0.03637 0.07975 
LCI 24 % poly P 
reverted 16.6 32.8 58.2 85.2 
k1 (hr-1) 0.00611 0.01339 0.02936 0.06436 
UCI 24 % poly P 
reverted 13.6 27.5 50.6 78.7 
k1 (hr-1) 0.06069 0.13306 0.29173 0.63960 
G 24 % poly P 
reverted 76.7 95.9 99.9 99.9+ 
 
6.2.3 Recommendations for Further study 
The most important recommendation for a further study on water quality effects on poly-
phosphate reversion is an analysis over a wide water quality range. This could be done by using 
100% source waters through a distribution system rather than blending them at reduced ratios. 
Some of the important water quality parameters (pH, alkalinity, calcium) which, according to 
literature have shown a relation with the first-order reversion rate constant should be specifically 
studied. There is a need to determine the effect of water quality on both the bulk water quality 
rate constant (kb) and wall reaction rate constant (kx). 
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APPENDIX A : TOTAL AND ORTHO-PHOSPHATE DATA FOR HYBRID 
LINES 
 101
PDS 1 
 TP DATA OP DATA 
Date Influent Port # 4 Port # 5 Port # 6 Effluent Influent Port # 4 Port # 5 Port # 6 Effluent Temp.(ºC) 
4/9/2006 0.798 0.600 0.577 0.593 0.620 0.400 0.448 0.476 0.469 0.492 25.1 
4/16/2006 0.633 0.762 0.792 0.728 0.611 0.386 0.398 0.495 0.508 0.529 25.0 
4/23/2006 0.494 0.460 0.511 0.513 0.899 0.341 0.374 0.412 0.423 0.446 25.6 
5/2/2006 0.813 0.625 0.505 0.475 0.852 0.272 0.358 0.325 0.327 0.361 24.8 
5/23/2006 0.028 0.162 0.282 0.395 0.388 0.024 0.108 0.204 0.318 0.379 25.1 
5/30/2006 0.666 0.246 0.515 0.518 0.433 0.398 0.203 0.426 0.428 0.391 24.9 
6/6/2006 0.750 0.830 0.818 0.836 0.616 0.443 0.561 0.578 0.552 0.519 25.4 
6/15/2006 0.661 0.801 0.786 0.776 0.737 0.461 0.850 0.865 0.863 0.632 23.9 
6/20/2006 0.739 0.695 0.687 0.704 0.708 0.482 0.512 0.494 0.481 0.531 27.8 
6/27/2006 0.650 0.698 0.720 0.781 0.720 0.473 0.483 0.493 0.495 0.516 28.5 
7/3/2006 0.627 0.628 0.647 0.631 0.616 0.442 0.467 0.480 0.469 0.506 27.2 
7/11/2006 0.480 0.542 0.569 0.555 0.621 0.322 0.399 0.437 0.532 0.465 28.5 
7/25/2006 0.678 0.554 0.571 0.560 0.540 0.405 0.423 0.435 0.407 0.432 28.2 
8/1/2006 0.360 0.460 0.397 0.382 0.403 0.279 0.357 0.384 0.408 0.377 28.5 
8/8/2006 0.588 0.323 0.300 0.274 0.315 0.370 0.249 0.230 0.206 0.262 25.4 
8/21/2006 0.450 0.477 0.453 0.452 0.467 0.323 0.394 0.393 0.393 0.424 27.8 
8/28/2006 0.374 0.427 0.394 0.414 0.464 0.278 0.339 0.349 0.377 0.437 27.6 
9/4/2006 0.518 0.442 0.455 0.476 0.418 0.390 0.364 0.383 0.389 0.402 24.9 
9/11/2006 0.510 0.354 0.373 0.376 0.386 0.266 0.341 0.320 0.294 0.359 28.0 
9/18/2006 0.506 0.378 0.430 0.457 0.413 0.395 0.312 0.352 0.428 0.365 28.3 
9/25/2006 0.488 0.406 0.418 0.406 0.389 0.372 0.380 0.358 0.344 0.405 28.0 
10/2/2006 0.548 0.566 0.543 0.506 0.465 0.379 0.480 0.466 0.463 0.420 24.8 
10/9/2006 0.425 0.453 0.443 0.416 0.420 0.349 0.412 0.415 0.401 0.394 25.0 
10/16/2006 0.411 0.466 0.442 0.427 0.425 0.297 0.352 0.348 0.359 0.376 26.1 
10/23/2006 0.529 0.434 0.434 0.439 0.410 0.442 0.392 0.382 0.396 0.381 24.2 
10/29/2006 0.488 0.498 0.477 0.451 0.482 0.386 0.392 0.404 0.411 0.421 24.5 
11/5/2006 0.646 0.494 0.451 0.445 0.498 0.480 0.444 0.439 0.444 0.457 22.9 
11/13/2006 0.522 0.583 0.534 0.507 0.519 0.406 0.443 0.461 0.484 0.456 20.6 
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11/27/2006 0.534 0.526 0.484 0.467 0.468 0.408 0.418 0.438 0.435 0.438 21.0 
12/4/2006 0.565 0.651 0.655 0.615 0.515 0.289 0.351 0.385 0.425 0.431 24.2 
12/11/2006 0.751 0.752 0.720 0.697 0.674 0.393 0.434 0.488 0.500 0.527 20.9 
12/17/2006 0.847 0.768 0.751 0.703 0.731 0.400 0.418 0.501 0.507 0.534 23.1 
12/23/2006 0.745 0.814 0.830 0.726 0.704 0.348 0.478 0.535 0.537 0.565 23.2 
12/30/2006 0.761 0.695 0.725 0.696 0.643 0.383 0.366 0.407 0.464 0.453 23.8 
1/8/2007 0.597 0.650 0.672 0.644 0.594 0.334 0.387 0.446 0.467 0.523 23.8 
1/14/2007 0.912 0.639 0.662 0.636 0.768 0.361 0.374 0.460 0.472 0.500 22.4 
1/22/2007 0.723 0.917 0.861 0.767 0.704 0.279 0.351 0.416 0.446 0.537 22.1 
1/28/2007 0.631 0.684 0.717 0.703 0.644 0.289 0.360 0.403 0.431 0.482 16.4 
2/5/2007 0.609 0.512 0.508 0.508 0.473 0.269 0.267 0.319 0.340 0.413 17.1 
2/12/2007 0.452 0.492 0.528 0.519 0.466 0.205 0.280 0.320 0.350 0.362 17.5 
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PDS 2 
 TP DATA OP DATA 
Date Influent Port # 4 Port # 5 Port # 6 Effluent Influent Port # 4 Port # 5 Port # 6 Effluent Temp.(ºC) 
4/9/2006 1.386 1.245 1.237 1.270 1.180 0.716 0.857 0.911 0.900 1.037 25.2 
4/16/2006 1.163 1.406 1.466 1.390 1.141 0.601 0.790 0.957 0.969 1.040 24.8 
4/23/2006 0.878 0.846 0.873 0.876 1.371 0.652 2.273 0.707 0.705 0.706 25.6 
5/2/2006 1.760 1.241 1.012 0.963 1.689 0.612 0.668 0.712 0.711 0.757 24.7 
5/23/2006 1.070 1.240 1.213 1.105 0.941 0.656 0.741 0.865 0.827 0.888 25.1 
5/30/2006 0.980 0.894 0.923 0.899 0.799 0.606 0.659 0.782 0.799 0.775 25.2 
6/6/2006 0.941 1.074 1.044 1.007 0.861 0.641 0.750 0.767 0.788 0.842 25.4 
6/15/2006 1.075 0.948 0.936 0.952 0.951 0.599 0.850 0.865 0.863 0.901 23.8 
6/20/2006 0.922 0.906 1.008 1.054 0.999 0.603 0.766 0.738 0.689 0.764 27.8 
6/27/2006 0.760 0.884 0.871 0.940 0.892 0.508 1.826 0.733 0.746 0.661 28.6 
7/3/2006 0.950 0.952 0.916 0.935 0.932 0.648 0.717 0.640 0.664 0.734 27.2 
7/11/2006 0.797 0.888 0.925 0.936 1.010 0.553 0.678 0.715 0.719 0.771 28.9 
7/25/2006 1.197 1.017 1.019 0.992 1.030 0.801 0.796 0.761 0.741 0.865 28.7 
8/1/2006 0.838 0.674 0.819 0.781 0.850 0.560 0.668 0.775 0.782 0.736 28.5 
8/8/2006 1.111 0.973 0.887 0.858 0.903 0.713 0.742 0.669 0.625 0.627 25.6 
8/21/2006 0.791 0.941 0.935 0.933 0.959 0.682 0.771 0.826 0.785 0.9024 27.5 
8/28/2006 0.897 0.871 0.875 0.906 0.876 0.603 0.714 0.745 0.741 0.856 27.6 
9/4/2006 0.899 0.924 0.953 1.017 0.916 0.643 0.757 0.764 0.766 0.865 26.1 
9/11/2006 0.960 0.779 0.775 0.828 0.781 0.504 0.682 0.693 0.677 0.696 28.0 
9/18/2006 0.850 0.744 0.811 0.808 0.827 0.645 0.671 0.722 0.754 0.798 28.2 
9/25/2006 0.720 0.684 0.695 0.712 0.701 0.565 0.633 0.673 0.680 0.688 28.0 
10/2/2006 0.720 0.777 0.807 0.795 0.751 0.595 0.676 0.732 0.732 0.814 25.0 
10/9/2006 0.859 0.738 0.745 0.722 0.737 0.684 0.677 0.700 0.713 0.731 25.0 
10/16/2006 0.835 0.899 0.846 0.822 0.826 0.651 0.736 0.709 0.726 0.771 26.1 
10/23/2006 0.864 0.812 0.827 0.830 0.795 0.775 0.373 0.363 0.359 0.714 24.2 
10/29/2006 0.972 0.967 0.926 0.899 0.931 0.781 0.780 0.812 0.806 0.856 24.7 
11/5/2006 1.215 1.008 0.900 0.891 0.984 0.886 0.908 0.880 0.888 0.916 22.9 
11/13/2006 1.072 1.172 1.060 1.041 1.032 0.802 0.980 0.957 1.041 0.947 20.8 
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11/27/2006 1.073 1.047 0.996 0.935 0.938 0.832 0.878 0.924 0.901 0.923 21.0 
12/4/2006 1.244 1.219 1.171 1.123 0.974 0.633 0.853 0.916 0.912 0.878 24.2 
12/11/2006 1.303 1.280 1.237 1.144 1.105 0.670 0.708 0.817 0.871 0.939 20.9 
12/17/2006 1.471 1.363 1.281 1.224 1.227 0.671 0.737 0.862 0.889 0.982 23.1 
12/23/2006 1.316 1.370 1.380 1.258 1.188 0.704 0.709 0.887 0.917 0.981 23.2 
12/30/2006 1.550 1.570 1.424 1.418 1.151 0.796 0.802 0.893 0.893 0.933 23.8 
1/8/2007 1.448 1.479 1.489 1.415 1.251 0.910 0.841 0.968 1.022 1.139 23.7 
1/14/2007 1.274 1.257 1.356 1.256 1.375 0.731 0.687 0.894 0.964 1.007 22.4 
1/22/2007 1.611 1.482 1.402 1.307 1.135 0.565 0.773 0.865 0.933 0.950 22.2 
1/28/2007 1.097 1.150 1.251 1.238 1.139 0.529 0.600 0.780 0.740 0.925 16.4 
2/5/2007 1.316 0.999 1.053 1.053 1.047 0.593 0.541 0.702 0.725 1.488 16.8 
2/12/2007 1.029 1.077 1.130 1.081 1.048 0.467 0.560 0.700 0.800 0.952 17.5 
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PDS 3 
 TP DATA OP DATA 
Date Influent Port # 4 Port # 5 Port # 6 Effluent Influent Port # 4 Port # 5 Port # 6 Effluent Temp.(ºC) 
4/9/2006 2.189 2.244 2.246 2.304 1.897 1.213 1.280 1.409 1.519 1.629 25.4 
4/16/2006 1.871 2.498 2.633 2.868 2.119 1.206 1.172 1.369 1.669 1.901 25.3 
4/23/2006 1.626 1.681 1.778 1.803 2.510 1.207 1.263 1.328 1.334 1.335 25.0 
5/2/2006 2.899 2.323 1.987 1.621 2.776 1.066 1.222 1.184 1.177 1.358 25.2 
5/23/2006 1.940 2.133 2.031 1.958 0.446 1.179 1.242 1.311 1.409 0.501 25.1 
5/30/2006 1.882 1.135 1.335 1.522 1.358 1.043 0.853 1.031 1.341 1.268 25.2 
6/6/2006 1.888 2.079 2.137 2.052 1.682 1.338 1.368 1.379 1.325 2.299 25.4 
6/15/2006 2.316 1.950 1.984 1.956 1.826 1.553 1.748 1.729 1.569 1.656 23.9 
6/20/2006 2.010 3.364 2.402 1.993 2.040 1.316 2.168 1.660 1.401 1.506 27.8 
6/27/2006 1.790 1.742 1.821 1.986 1.820 1.178 1.182 1.290 1.339 1.389 28.5 
7/3/2006 1.671 1.807 1.840 1.768 1.754 1.065 1.217 1.252 1.344 1.393 27.2 
7/11/2006 1.582 1.711 1.768 1.707 1.762 1.124 1.149 1.358 1.243 1.344 29.1 
7/25/2006 2.183 1.828 1.838 1.717 1.942 1.228 1.299 1.255 1.279 1.457 28.6 
8/1/2006 1.879 1.626 1.595 1.557 1.667 1.084 1.227 1.428 1.317 1.392 28.5 
8/8/2006 2.122 1.864 1.752 1.722 1.786 1.181 1.251 1.277 1.353 1.367 23.5 
8/21/2006 1.475 1.690 1.696 1.682 1.760 1.018 1.421 1.400 1.455 1.5544 27.3 
8/28/2006 1.869 1.583 1.566 1.625 1.648 1.180 1.266 1.302 1.378 1.338 27.6 
9/4/2006 1.638 1.654 1.775 1.837 1.581 1.200 1.295 1.290 1.358 1.413 25.7 
9/11/2006 1.678 1.569 1.579 1.601 1.414 1.192 1.301 1.263 1.207 1.320 28.0 
9/18/2006 1.523 1.506 1.581 1.650 1.622 1.112 1.361 1.391 1.432 1.572 29.0 
9/25/2006 1.579 1.479 1.529 1.463 1.501 1.288 1.247 1.219 1.256 1.321 28.0 
10/2/2006 1.394 1.505 1.517 1.541 1.508 1.145 1.198 1.306 1.377 1.584 25.5 
10/9/2006 1.435 1.405 1.406 1.366 1.370 1.255 1.230 1.230 1.253 1.248 25.0 
10/16/2006 1.631 1.670 1.639 1.603 1.601 1.287 1.236 1.236 1.269 1.389 26.1 
10/23/2006 1.773 1.586 1.600 1.600 1.497 1.557 1.377 1.511 1.386 1.342 24.2 
10/29/2006 2.032 2.046 1.989 1.931 1.931 1.586 1.584 1.608 1.595 1.681 24.7 
11/5/2006 2.318 1.928 1.900 1.882 2.025 1.703 1.717 1.721 1.743 1.801 22.9 
11/13/2006 2.136 2.362 2.206 2.188 2.036 1.627 1.925 1.951 2.058 1.800 20.7 
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11/27/2006 2.029 2.050 2.004 1.969 1.948 1.554 1.671 1.868 1.806 1.889 21.2 
12/4/2006 2.378 2.515 2.582 2.466 2.174 1.249 1.498 1.728 1.728 1.931 24.2 
12/11/2006 2.788 2.662 2.510 2.477 2.485 1.405 1.466 1.501 1.701 1.903 21.0 
12/17/2006 3.120 2.759 2.757 2.626 2.661 1.254 1.393 1.639 1.770 1.845 23.1 
12/23/2006 3.363 2.745 2.877 2.724 2.659 1.550 1.437 1.694 1.844 1.993 23.0 
12/30/2006 2.775 2.956 3.149 3.071 2.753 1.453 1.347 1.260 1.799 1.791 23.8 
1/8/2007 2.894 2.942 2.926 2.809 2.558 1.569 1.567 1.818 1.835 2.135 23.5 
1/14/2007 2.742 2.543 2.668 2.559 2.579 1.378 1.360 1.532 1.780 1.970 22.4 
1/22/2007 3.087 3.120 2.979 2.791 2.623 1.235 1.444 1.733 1.738 1.969 22.2 
1/28/2007 1.990 1.997 2.256 2.193 2.032 0.907 0.960 1.320 1.320 1.560 16.4 
2/5/2007 2.591 2.232 2.019 2.019 1.993 1.123 1.077 1.072 1.242 1.454 16.8 
2/12/2007 2.188 1.801 1.969 2.020 2.037 1.038 0.960 1.080 1.320 1.433 17.5 
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APPENDIX B: FIRST ORDER RATE CONSTANTS FOR HYBRID LINE 
 108
 k1 (hr-1) Date 
PDS 1 PDS 2 PDS 3 
04/09/06 0.0055 0.0136 0.0116 
04/16/06 0.0180 0.0317   
04/23/06 0.0244 0.0057 0.0076 
05/02/06 0.0037 0.0028 0.0036 
05/23/06   0.0171 -0.0133 
05/30/06 -0.0005 0.0125 0.0065 
06/06/06 0.0059 0.0232   
06/15/06 0.0406 0.0209 0.0030 
06/20/06 0.0044 0.0146 0.0067 
06/26/06 0.0058 0.0194 0.0088 
07/03/06 0.0089 0.0070 0.0162 
07/11/06 0.0492 0.0463 0.0136 
07/25/06 0.0021 0.0037 0.0057 
08/01/06   0.0208 0.0102 
08/08/06 -0.0084 -0.0041 0.0046 
08/21/06 0.0330     
08/28/06   0.0412 0.0054 
09/04/06 0.0020 0.0418 0.0139 
09/11/06 0.0100 0.0114 0.0064 
09/18/06 -0.0050 0.0284   
09/25/06 0.0069 0.0328 0.0025 
10/02/06 0.0058     
10/09/06 0.0189 0.0064 -0.0008 
10/16/06 0.0245 0.0218 0.0073 
10/23/06 -0.0111 -0.0110 -0.0144 
10/29/06 0.0086 0.0104 0.0050 
11/5/2006 -0.0027 0.0020 0.0036 
11/13/2006 0.0116 0.0161 0.0087 
11/27/2006 0.0056 0.0098 0.0254 
12/4/2006 0.0150 0.0107 0.0193 
12/11/2006 0.0098 0.0115 0.0093 
12/17/2006 0.0074 0.0102 0.0079 
12/30/2006 0.0043 0.0042 0.0062 
1/8/2007 0.0263 0.0115 0.0116 
1/15/2007 0.0060 0.0148 0.0119 
1/22/2007 0.0182 0.0096 0.0105 
1/29/2007 0.0172 0.0249 0.0192 
2/5/2007 0.0114   0.0053 
2/12/2007 0.0210 0.0416 0.0087 
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 APPENDIX C: FIRST ORDER RATE CONSTANTS AND HRT FOR SINGLE 
MATERIAL LINES 
 110
 DATE PORT # MATERIAL k1 (hr-1)
HRT  
(hr) 
1/17/2007 6 UCI 0.010 4.6 
EFF  0.004 11.7  
    
1/19/2007 5 PVC 0.003 5.2 
EFF  0.001 12.9  
    
1/24/2007 5 LCI 0.001 5.2 
7  0.004 10.3 
EFF  0.004 11.6  
    
1/26/2007 4 GAL 0.145 0.3 
5  0.067 0.6 
6  0.078 0.9 
8  0.068 1.9 
PORT A  0.058 2.5 
EFF  0.051 3.1 
 
    
2/1/2007 4 UCI 0.016 1.0 
5  0.025 2.1 
6  0.022 3.1 
8  0.010 5.1 
EFF  0.007 7.8 
 
    
2/2/2007 4 LCI 0.051 1.7 
6  0.004 5.2 
EFF  0.012 7.7  
    
2/7/2007 4 GAL 0.066 0.4 
5  0.080 0.8 
6  0.083 1.2 
8  0.073 2.5 
PORT A  0.077 3.3 
EFF  0.071 4.1 
 
    
2/9/2007 4 UCI 0.048 0.8 
5  0.027 1.5 
7  0.014 3.1 
9  0.010 4.5 
EFF  0.009 5.9 
 
    
2/14/2007 5 PVC -0.0004 3.4 
 EFF  0.0003 8.6 
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APPENDIX D: FIRST ORDER REVERSION RATE CONSANT VERSUS 
TEMPERATURE 
 112
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APPENDIX E: FRACTIONAL CONVERSION OF POLY-PHOSPHATES 
 116
PDS 1 
Date PVC LCI UCI G 
4/9/2006 0.618 0.336 -0.228 -0.032 
4/16/2006 -0.474 0.184 0.259 0.627 
4/23/2006 0.434 -0.151 0.091 -4.033 
5/2/2006 0.506 0.326 0.178 -2.324 
5/23/2006 -12.500 -0.444 0.013 0.883 
5/30/2006 0.840 -1.093 0.000 0.533 
6/6/2006 0.124 0.112 -0.188 0.658 
6/15/2006 1.245 -0.592 -0.103 2.221 
6/20/2006 0.285 -0.055 -0.155 0.206 
6/27/2006 -0.220 -0.056 -0.254 0.287 
7/3/2006 0.134 -0.037 0.030 0.321 
7/11/2006 0.095 0.077 0.826 -5.783 
7/25/2006 0.520 -0.038 -0.118 0.289 
8/1/2006 -0.272 0.874 3.000 2.000 
8/8/2006 0.656 0.067 0.029 0.221 
8/21/2006 0.339 0.286 0.033 0.259 
8/28/2006 0.083 0.489 0.200 0.250 
9/4/2006 0.391 0.077 -0.222 0.818 
9/11/2006 0.947 -3.077 -0.547 0.671 
9/18/2006 0.405 -0.182 0.628 -0.655 
9/25/2006 0.774 -1.308 -0.033 1.258 
10/2/2006 0.494 0.116 0.434 -0.047 
10/9/2006 0.461 0.317 0.464 -0.733 
10/16/2006 0.009 0.168 0.266 0.290 
10/23/2006 0.517 -0.262 0.189 0.326 
10/29/2006 -0.049 0.318 0.466 -0.564 
11/5/2006 0.705 0.755 0.917 -40.000 
11/13/2006 -0.217 0.479 0.685 -1.783 
11/27/2006 0.135 0.578 0.304 0.063 
12/4/2006 -0.087 0.100 0.293 0.555 
12/11/2006 0.112 0.270 0.155 0.250 
12/17/2006 0.217 0.286 0.216 -0.005 
12/23/2006 0.156 0.119 0.359 0.265 
12/30/2006 0.130 0.030 0.273 0.181 
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PDS 2 
Date PVC LCI UCI G 
4/9/2006 0.421 0.160 -0.135 0.614 
4/16/2006 -0.097 0.175 0.173 0.760 
4/23/2006 7.324 1.116 -0.035 -2.879 
5/2/2006 0.501 0.476 0.162 -2.705 
5/23/2006 -0.203 0.303 0.201 0.809 
5/30/2006 0.373 0.401 0.288 0.765 
6/6/2006 -0.082 0.146 0.206 0.914 
6/15/2006 0.794 0.277 -0.259 0.441 
6/20/2006 0.560 -0.926 -0.353 0.356 
6/27/2006 4.747 1.147 -0.406 -0.192 
7/3/2006 0.225 -0.176 0.018 0.269 
7/11/2006 0.144 -0.005 -0.033 -0.102 
7/25/2006 0.444 -0.169 0.025 0.342 
8/1/2006 0.978 -6.286 1.031 86.006 
8/8/2006 0.418 0.058 -0.072 -0.183 
8/21/2006 -0.553 0.361 -0.368 0.620 
8/28/2006 0.466 0.172 -0.272 0.883 
9/4/2006 0.350 -0.135 -0.324 0.798 
9/11/2006 0.787 0.160 -0.855 0.435 
9/18/2006 0.645 -0.223 0.398 0.446 
9/25/2006 0.671 0.565 -0.438 0.605 
10/2/2006 0.190 0.265 0.158 2.010 
10/9/2006 0.654 0.252 0.810 0.286 
10/16/2006 0.113 0.165 0.296 0.421 
10/23/2006 -3.947 -0.055 -0.017 0.827 
10/29/2006 0.020 0.392 0.182 0.187 
11/5/2006 0.697 0.808 0.867 -26.034 
11/13/2006 0.290 0.463 0.997 -298.837 
11/27/2006 0.298 0.572 0.531 0.561 
12/4/2006 0.400 0.303 0.176 0.541 
12/11/2006 0.098 0.265 0.351 0.389 
12/17/2006 0.217 0.331 0.201 0.269 
12/23/2006 -0.079 0.253 0.309 0.395 
12/30/2006 -0.020 0.310 0.011 0.585 
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PDS 3 
Date PVC LCI UCI G 
4/9/2006 0.020 0.125 0.060 0.658 
4/16/2006 -1.015 0.053 0.048 0.817 
4/23/2006 0.000 -0.071 -0.044 -1.489 
5/2/2006 0.399 0.273 0.450 -2.227 
5/23/2006 -0.171 0.191 0.236 1.109 
5/30/2006 0.667 -0.071 0.400 0.500 
6/6/2006 -0.291 -0.070 0.039 1.849 
6/15/2006 0.737 -0.250 -0.560 0.564 
6/20/2006 -0.739 0.383 0.203 0.102 
6/27/2006 0.082 0.054 -0.226 0.338 
7/3/2006 0.030 0.002 0.279 0.149 
7/11/2006 -0.225 0.269 -0.132 0.099 
7/25/2006 0.446 -0.102 0.249 -0.107 
8/1/2006 0.498 0.581 -0.437 -0.146 
8/8/2006 0.349 0.225 0.223 -0.136 
8/21/2006 0.411 -0.100 0.233 0.093 
8/28/2006 0.540 0.164 0.068 -0.255 
9/4/2006 0.178 -0.351 0.014 0.649 
9/11/2006 0.450 -0.179 -0.247 0.759 
9/18/2006 0.647 -0.310 -0.147 0.766 
9/25/2006 0.203 -0.332 0.330 0.130 
10/2/2006 -0.237 0.315 0.223 1.463 
10/9/2006 0.022 -0.006 0.362 -0.080 
10/16/2006 -0.265 0.074 0.169 0.365 
10/23/2006 0.032 0.574 -1.404 0.276 
10/29/2006 -0.038 0.177 0.116 0.253 
11/5/2006 0.657 0.152 0.223 -0.612 
11/13/2006 0.141 0.416 0.490 -0.808 
11/27/2006 0.202 0.642 -0.199 0.638 
12/4/2006 0.098 0.161 0.136 0.671 
12/11/2006 0.135 0.156 0.231 0.251 
12/17/2006 0.269 0.181 0.234 0.047 
12/23/2006 0.279 0.096 0.256 0.243 
12/30/2006 -0.216 -0.175 0.326 0.244 
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